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| SECTION 1
THE OPSATCOM FIELD TEST LASER

- INTRODUCTION

; ‘The underwater light source used in the OPSATCOM field tests is a flashlamp-

: pumped dye laser system that wus specifically designed and built for the project ut NELC.
el The system consists of three main parts — the laser proper in a submersible canister (fig.

k. ¢ 1-4), a topside control panel (fig. 5), and 250 feet of interconnecting cable. The general
o system specifications are given in table 1.

The other features of the laser system are:

Automatic control of pulse amplitude .
Leak-initiated shutdown

Pressure and temperature interlocks

Stable pulse rate

Telemetry sync output

" Rapid dye solution and flashlamp replacement

This report is arranged to present a description of the system electronics; the installa-
tion, operation, and maintenance of the laser; and the results of system calibration.
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Figure 1. OPSATCOM dye laser with panel mounted hardwure
removed from canister,
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Figure 2. Top view of faser situated inside canister: cover with
optical window removed.
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Figure 3. Close-up view of pancl front carrying most of the electronics,
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Figure 4. Closc-up view of panel buck, showing dye and cooling water tunks,

1-5



)
.
f
10
-
i
9
o
,. v 4
X
; .
b« AN
‘i |
b Ve
.
k
t.
3 2o
1
] !
!
1 .
. .
h l
1.
i R
\ "
.3 ! ,
’ .
i L
- ]
N .o
ELo et Yooy
A ciy
{5 N v
ST va  F
Py -
oo K}
. e ' NI
SO ;
iy . ! . §
' i
v |
J' -y ,
. )
L N i
' t
% ’I ‘i !
[ j L i

) S

' LI O

1 % )
: | * 4
Bo 1 4

Figure 5. Control unit for operating laser via cuble at remote stations.

rr o 2o

LT g
o7 sl
R e ST S ST S

1-6

= .—:"__?

o




TR T e s

U S

TABLE 1. SYSTEM SPECIFICATIONS.

Mechanical
Canister size 41-em dia X 84.cm height (16 X 33 in)
46-cm-dia flange (18 in) .
Weight 109 kg (240 ib)
Displacement 114 kg (250 1b)
Depth limit 180 m (600 ft)
Electrical
Input power 1 kW, 3 phase, 400 Hz, Y
Lamp energy up to 10 joules
Optical
Wavelength blue-green, depending on dye
Pulso rate 20 p/s (pulses per second)
Pulse energy up toSmJ
Peuk power up to 6.5 kW
Pulse width 0.75 us
DETAILED SYSTEM DESCRIPTION
THE LASER

Eigure 6 is a block diagram of the underwater portion of the laser system. The luser
head, the black rectangular block in top center of figure 3, is shown bounded by dotted
lines at the top of the diagram.

The lasing medium in this system is a solution of a fluorescent orgunic dye in ethunol
that circulutes through a 3-inch-long quartz capillary tube, Curved mirrors at either end of
the tube satisfy the feedback requirements for multimode laser action and 4 linear xenon
flashlamp acts as the laser pump. The flashlamp and parallel capillary lie along the foci of
a cylindrical elliptical reflector built into the Jaser head.

Most of the remaining clements diagrammed in figure 6 aro concerned with flashing
the flashlamp. They control both the timing and brightness of the pumping light.

The energy required by the flashlamp for any given luser pulse is provided by the
energy storage capacitor (ESC) shown just below and to the left of the laser head in figure 6
and at top center in figure 4. Typically, § joules of input energy (7 kV in 0.2 uF) is required
for a laser output energy of 5 mJ. Dischurge of the ESC into the flashlamp is controlled by
the thyratron switches to the right in figure 6 and recharge ot the capacitor is managed by
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the circuit elements to the left. Assuming that the capacitor starts charged, the discharge 18
and recharge cycle proceeds as follows:

1. A trigger pulse, T1, from the control unit is applied to the ignition circuit 1%
which, in turn, applies a 20-kV pulse to a wire wrapped around the flashlamp, A feeble . R
spurk is produced within the xenon by displacement currents und the gas is left in 4 par-
tially ionized state.

. 2. Fifteen microseconds later, a second pulse, T2, after conversion to a [.5-kV {8
pulse in the trigger module, turns on the first of two thyratrons in the thyratron switch

. section. This prepulse thyratron causes roughly 2% of the stored energy to be dissipated in

. the flashlamp, producing a larger spark and a much higher leve] of ionlzation,

3, A 1.5-kV pulse generated by the T3 signal appeurs 10us later, turns on the main
pulse thyratron, and dumps the remalning stored charge into the flashlamp. The intense flash
produced pumps the laser more efficiently than a flush produced without a prepulse and
more reliably than a flash produced without an ignition pulse.

o 4, Recharge of the ESC begins immediately through the charging circuit, an
{ W inductor/diode arrangement that effectively doubles the voltage provided by the high-
S voltage supply. The charge cycle takes approximately 2 ms and the ESC “cousts” for the

48 ms preceding the next pulse, During the time that the system is on but not being trig-
gered from the surfuce, a vacuum relay in the charging circuit disconnects the ESC from
the high voltage to prevent corrosion of the water-cooled flashlamp terminals,

: Associated with the flashlamp is a parallel resistor of 5 M2 that Is required to bias i
b . the thyratron anodes and a serjes circuit consisting of 4 2.5-mH choke and a 500-pF 13
pi. , capacitor. This LC network aids in reliable thyratron turnoff.
' ; The laser output level is stabilized in this system Dy a feedback loop that includes a
beamsplitter and fiber optic probe, detector, filter, and relay circuits within the control
unit, and a motor-driven Variac in the high-voltage supply. This loop compensates for de-
cteases in output cuused by flashlamp und dye solution aging processes, Some 8 hours of :
operation can be expected between lamp and dye changes. i
Also represented as blocks in figure 6 are the dye and cooling water circulating k.
pumps and a water sensor circuit. The latter shuts the system down if salt water invades
the canister. Additionally, four normally closed switches are shown in the fault line. 3
These switches sense pressure and temperature in the dye and water circuits and prevent
triggering of the flashlamp if the liquids overheat or stop circulating, A meter MUX line
carries multiplexed signals representing high-vollage input to the lamp and the laser output
to the surfuce for displuy on the control panel.
)- Detailed diagrams of the blocks in figure 6 are given in figures 11 through 13.

| THE LASER CONTROL PANEL

The luser control punel of figure 7 controls the prime power to the laser canister,
' provides u 20-Hz signal to “run” the laser, displays two important laser operating param- N
t eters, und provides a signal for an KM sync transmitter. -

The prime power control is straightforward, A S-umpere circuit breaker turns the K
',:“ & control punel on and off and simultaneously powers the laser through four of the intercon- B
1 \ _ neeting wires. A phase reversul switch is included in two of the lines to reverse the direction
".}’ of rotation of the pumps if required.
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! The 20-Hz laser trigger signal is derived from a 1-MHz crystal oscillator by dividing
; o by 50 000, Whether or not the signal is sent to the laser is determined by the state of the
] . thyratron warm-up time delay, the run button, the FAULT SENSE, and the SYNC ONLY
y ' switch as shown in the diagram,

f - The multiplexed meter signal is received and decoded by a circuit in the control

i punel and a measure of flashlamp high-voltage input and laser output is displayed for the
operator’s use. The readings on these meters determine when a flashlamp change is

' 1 required,

5 ' Therc is 4 nominal 25-ps delay between the time a signal is sent to the laser and the

- " ] - time the laser output pulse appears. The OPSATCOM sync transmitter requires a S-us lead;
- or, relative to the signal sent, a 20<us delay. This function is hundled by the elements shown

: in the upper right of figure 7.

While in the field, a pulse counter and line voltage monitor were added to the con-
{ R trol punel as shown in figure §.

(Detailed control panel circuitry is shown in fig 13.)

INSTALLATION, OPERATION, AND MAINTENANCE
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SYSTEM INSTALLATION AND CHECKOUT

;‘ ' CAUTION: DO NOT RUN THE LASER
‘ WITHOUT FIRST PURGING WITH NITROGEN! 4

; 1. Connect 3-phase, 4-wire, Y, 400-Hz power to the top four terminals of the
' barrier strip on the side of the control panel case as shown in table 4. The voltage should
be 120 volts line-to-neutral,

2. Connect the eight-conductor laser interconnecting cable terminations to
torminals 5 through 12 on the barrier strip. (Sce table 4.)

|

y .l : 3. Conncet the cable to the laser canister,

. J ! 4, Turn on the system, If the FAULT lamp lights and stays lit, turn off the sys-
!

e i D

gl tem and reverse the position of the switch on the side of the control panel case, 1f the
S : } ' FAULT lamp doses not light, go to 6,
5. Turn on the system. The FAULT lamp should go out, indicating the pumps
_ are running in the right direction,
5 6. Observe that the lower meter reads upscale, the upper meter reads zsro,
7. Observe that after a 3-minute delay, the green READY lamp lights.

' 8. Tapping the RUN button with the Laser 4+ Sync/Sync Only switch in the Laser

S + Sync position should light the button and produce an upscale reading on the upper meter, Y

i ' A slight decrease in the lower meter reuding is normal. In the Sync Only position, the RUN i
l { button should light without an upscale reading.

{ 9. To complete the installation, connect a BNC cuble between the TTL sync out-
put und the sync transmitter input. Secure the system.
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SYSTEM OPERATION

CAUTION: DO NOT RUN THE LASER
WITHOUT FIRST PURGING WITH NITROGEN!

1. With the proper 400-Hz power applied and the laser canister interconnected
and submerged, push the control panel circuit breaker to ON.

2. Allow 3 minutes for warm-up, The green READY light should come on, This
is the normal laser standby condition.

3. If sync transmission s desired whether the laser is running or not, place the
Luser + Synce/Sync Only switch in the Sync Only position and tap the RUN button. Control
the laser by switching between Sync Only and Laser + Sync with the RUN button lit.

4, If sync transmission is desired only when the laser is running, switch to Laser
+ Sync und control the laser with the RUN button, tapping it to start or stop.

5. Each time the laser {s activated, the upper meter should return to the same
reading, Fullure to read a constant value indicates that the output level regulation system
is out of regulation,

6. If the upper meter reading begins Lo decrease with the lower meter reading near
8, the flashlamp needs replacement. 1f the flashlamp is replaced und the lower meter reading
does not decreuse to a valug near o, the dye may need replacement,

FLASHLAMP REPLACEMENT PROCEDURE

1. Turn off the power to the system and remove the canister cover. Inspect the
Interior tor water leakuge. Remedy the problem if necessary.

f
2. Remove the protective cover from the anode assembly and discharge the anode
assembly to the chassis with an insulated-handle screwdriver,

3.  Remove the three screws securing the circular flange to the anode assembly,

4. Slowly lift the flange and lump straight up until clear of the unode assembly.
Avoid splashing or dripping water into the beamsplitter recess. Should the lamp separate
from the flange and remain in the water jacket, remove the lamp with a pair of pliers,

5. Remove the old lamp from the flange ferrule und replace it with a new one,
The end of the lamp marked + must be within the ferrule and the slit on the trigger wire
sleeve should fuce the light exit hole in the flange.

6. Wit long enough for the water level in the lamp jucket to recede and carefully
reinsert the lamp. Avoid overflowing water into the beamsplitter recess.

7. Sccure the flunge to the anode assembly with the three screws., Make sure the
beumsplitter Is clean and dry and udd the plastic protective cover. The system may be
operated briefly to check output and regulation. Turn off before proceeding.

8. Inspect the cover sealing surfuces and add sillcone grease if necessary. Install
the cover and start two bolts,

9, Prop the cover open on one side with a matchbook ot equivalent und connect
a tank nitrogen line to the purge fitting on the side of the canister.

| _m—y . _gr—y
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_ 10.  Purge with nitrogen. Allow for a 100-psi (1 psl = 6894.7 Pa) pressure decrease
. in a standard size tank. Turn off the gas.

11.  Secure the cover, remove the nitrogen line, and cu:: the purge fitting.

DYE REPLACEMENT PROCEDURE

g ’ i 1. Secure the system, remove the canister cover, and discharge the anode assembly
to chassis.
'; } ‘ 2. Uncap the drain line ubove the drain valve knob and cormect a plastic drain

line, Route the drain line to an empty container,
' 3.  Remove one of the caps on the dye tank and connect u line to a source of

) : nitrogen gas at 10 psi.
3 b 4, Turn the drain valve to the DRAIN LASER position. Keep the valve in that
- o position until the drain line blows dry (approx 1 min).
' | _ S,  Turn the drain valve through RUN to DRAIN TANK. Keep the valve in that
: : . position until the drain line blows dry (approx 4 min).
i ' b 6. Disconnect the pressure line and return the valve to RUN. Cap the drain line,
1 T 7.  Remove the second cap on the dye tunk. Affix the valve cap assembly to a
:? P container of new dye. Close the valve.
I.‘ . 8. Invert the dye container and secure the valve to one of the uncapped dye tunk
: ' fittings.
Co 9. Open the valve to the dye container and squeeze the dye into the tunk, When
‘, } : empty, close the valve and remove dye container,
; 10.  Cup off the dye tank fittings and make sure the dye drain valve is in the RUN
3 { position.

! 11, Coverand purge the canister as in FLASHLAMP REPLACEMENT PROCEDURE.

{ OUTPUT PEAK POWER ADJUSTMENT

'} l. Open the canister, disconnect the water lines, and raise the vertical chassis
until the holes in the edge of the plate are just ubove the tops of the guide chunnels. Secure
in this position with Y“-inch-diameter pins,

2. Interconnect the chassis plug and the juck in the base of the canister with the

A S extension cord und replace the water lines with the longer lines provided.
N
R 3. Connecet the control panel to cunister cable and energize the 400-Hz power line,
- ' 4.  Attach an EG&G model 580-00-11 nurrow-beum adapter to 4 model 580-25-A
M o detector head und secure both to u model 5§85-00-15 tripod. Interconnect the head and o
ke i P model 580-11A meter unit.

L {: 5. Set the controls on the detector head as tollows:

Negutive bias voltuge to INT
External viewing multiplier to X100

1-13
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Aperture multiplier to X1C
. Anode to INT
1

Signal to ANODE
6. Set the controls on the meter unit as follows:

Ampere multiplier to 10-7
R Current/Charge to Current
‘M. ' Hold/Integcate/Reset to Reset

7. Position the detector head 12 inches above the laser output aperture with the

, i ‘ fuce of the adapler pointing downward, parallel to the floor. Turn on the meter unit and
. zero the meter.
1 ; 8. Coniect water and drain lines to the laser heat exchanger coil and turn on the
o I water. '

. , 9.  Operate the luser und reposition the detector, if necessary, to locate the spot
, . in Lhe center of the diffuser plate, Turn off the laser beam,

10.  Connect g coaxial cable from the signal output of the detector heud to the
vertical input of an accurate oscilloscope, Set the vertical gain for 0.2 volt/division and the
sweep speed for 0.5 us/alvision. Turn on the laser at the control panel und adjust the scope
syne for a stutionary pulse pattern,

11, The culibration for NELC Code 2500’s radiometer is 1.625-V/kW with the ex-
tornal viewing multiplior in the X100 position. With the aperture multiplier in the X10
position, 0.1628 V represents 1| KW, For 5-kW peak power, 0.8125 V is required, If the
peak amplitude on the scope differs from that, the level setting adjustment can be changed
to ~orrect the reading.

12, The control is located on the outboard face of the control module located on
the lower left center of the chassiy, It is the screwdriver adjustment closest to the chassis
plate in the lower left corner. Turning the screw clockwise will increase the laser output.
The system tends to stabilize from the top down, and it is udvisable to cycle the laser on

‘v

{' and oft u number of times while making this adjustment,

: N 13, Secure the equipment and restore the laser to its normal operating configura-

f\ ! tion. Purge with nitrogen, .
AN O
¥
Sk CALIBRATION " :
\l.’ S ). m "_‘
15"-: The purpose of the OPSATCOM luser culibration wus to provide, for data reduction i
,‘ . purpuses, 4 complete and accurate list of laser output parameters. A summary of that lst S| ‘
x is presented in table 2, and the following puragraphs describe briefly the measurement I ?']?
: procedures, i
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TABLE 2. LASER OUTPUT PARAMETERS.

Pulse repetition rate 20 p/s (pulses per second)

Peak pulse amplitude 5 kW (6% rel, £10% abs)
Pulse width 075 us

Pulse energy 4 mJ/p (nom)

Center wavelength 5214 nm

Bandwidth 4,65 nm

Beamwidth (in water) 21.4 mrad (FWHM)

THE LASER CALIBRATION REFERENCE

The local standard used for setting the laser output to the 5-kW peak power level
used for the fleld tests is an EG&G radiometer unit of the 580 series. The equipment is
factory calibrated against an NBS certified thermopile and is supplied with a complete set
of sensitivity vs wavelength tables, It is one of the most accurate radiometric equipments
available. '

EG&G gives an absolute accuracy specification of £8%, a precision specification of
+1%, and an NBS uncertainty specification of spproximately 3%. Presumably, the precision
and uncertainty together with other calibration tolerances make up the overall accuracy
specification.

The calibration constant that applies to the OPSATCOM laser is 1.625 V/KW. Five
times that level is established during luser sstup while viewing the output pulse on a cali-
brated oscilloscope.

The radiometer can also be used to measure pulse energy. The nominal output pulse
energy corresponding to 5-kW peuk power is 4 mJ. This number varies slightly depending
on mirror alignment and was not specifically recorded during the field tests.

PULSE AMPLITUDE STABILITY

Once the laser has been set up to provide a specified peak output level, then the
short- and long-term stability of the output becomes a fuctor to consider,

Short-term (pulse to pulse) stability is determined by the flash-to-flash uniformity
in brightness and position of the arc in the flashlamp. For a given input energy, a small
varlation in output pulse amplitude is to be expected. Long-term stability is determined by
how well the output control system compensates for chunges in the output of the flashlamp
and in the efficiency of the dye solution as the lamp and dye age.

As part of the post-field-test calibration effort, quantitative measurements of these
factors were made, Before the results ure presented, u laser design flaw that bears upon
them will be described,

It was necessary, when designing the amplitude control system, to build a delay into
the circuitry to allow the voltuge that represents the output level enough time to rise to
its true value. The delay was designed to lock out the motor drive to the Varjuc to keep the
system from increusing lamp input energy at the start of each run cycle. As it turned out,
the deluy persists after the run cycle ends, and the Variac is driven upward -- out of the
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regulator dead zone, anyway. In short, every time the laser is switched to RUN, the output
starts slightly high und restabllizes to the set value. This cyele affects the first § seconds or
so of laser output and may not be an altogether detrimental flaw. It also has the effect of
narrowing the dead zone by starting at the upper edge cach and every time the laser is
operited,

Figure 8 shows the luser output at the indicated times during four separate run
cycles, Bach photograpliis a I-second exposure and contains 20 individual pulses. The
gain of the scope was adjusted so that one small division equals 4% of set amplitude and the
sweep speed is 0.5 us/em.

As can be seen in the photographs, the aiplitude starts high, about 7%, and within
5 scconds stabilizes at the set value, Onee stabilized, the pulse-to-pulse stability together
with the reset error amounts to a nominal 5%, These sumples ure representative of both
the short- und long-term stubility of the system.

The stability of the control systum over longer periods of time is also evidenced by
the data given in table 3, These are excerpts of the log kept on laser operation during
those parts of the field tests when actual meusurements were made, Although Intended
for gross monitering purposes only, the meter readings indicate that the system was regu-
luting und that the output was stuble during these intervals, The difference in upper meter
readings (output) betwoen the two series of dutes does not include uctual differences in
output level but rather a difference in the position of the fibor optic probe in its drilled

_ pussuge ut the beamsplitter,** In both series, the operating peuk power level was 5 kKW,
For error analysis purposes, a stability of £5% in peak power umplitude will be used.

** Botweon these datos, the laser was reworked at NELC to solve o problem with unexpected shutdown
amel the disnssembly/roassembly operation resulted in a differont probo pusition. The probe does not
move during operation.

—
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& TABLE 3. LASER LOG EXCERPTS. i it
P
i Lower Upper : 3
X ite Count Meter Melter Comments i

1 _
43 6/18 2 7.1 1.0 Photos (U-W) o
‘i-‘ 6/19 27 69 10 Display |-
6/19 28 69 1.0 Display | 3
b 6/19 35 6.8 1.0 A/C pass R
b .
. 6/19 39 6.6 1.05 Same .

B 6/25 10 6.8 1.05 f(®) meas - ]
: 6/25 89 7.0 1.05 A/C puss N
= 6/26 102 6.2 1.0 filming o
6/27 102 6.2 1.05 A/C pass [

f’l' . _}A
¥ 7/16 93 1.5 Calibrution 3
. 7/17 126 6.4 1.4 A/C pass L
E ' 79 133 6.4 1.4 AC puss K
i 7/19 170 6.4 14 A[C puss
7/21 201 6.4 14 AJC pass L3
L 7122 245 6.4 1-5-1.4 A/C puss: :
i 7/23 305 64 1.4 f(®) . ,
7/24 348 6.2 1.5 A/C pass L
.- |
. 3
o £
i, ) 4
AT |
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IS LASER WAVELENGTH AND BANDWIDTH

The laser cavity used in the OPSATCOM laser is an untuned cavity; that is, prisms or
o gratings are not used to peak the cavity gain at any particular wavelength. The dielectric _
S coatings used for mirrors are spectrally flat throughout the blue-green and a large number of v
b dye/solvent combinations can be made to lase in this cavity, 8

The dye/solvent combination used for OPSATCOM has, in common with all other -
dye/solvent mixtures, a fluorescence spectrum that is several tens of nanometers wide and
could be made to lase in a tuned cavity at wavelengths ranging from the yellow through the
blue-green. When this dye is used in an untuned cavity, the requirements for laser action are
simultaneously satisfied for a number of colors and, in fact, the system lases over a band of
wavelengths that corresponds to the peak in the dye/solvent fluorescence spectrum. Measure-
: ments made before the field tests with 4 small prism spectrometer indicated a center wave- i
} length of 522 nm und a bandwidth of 5 nm. :
{ As part of the calibration procedure, the output spectrum of the laser was mote ac- .
- curately measured with a Jarrell-Ash 1-meter spectrometer. A densitometer scan of the laser -
- spectrum together with a pair of reference lines is shown in figure 9, The lower curves were
2 s tuken with one-half und one-fourth the exposure of the upper curve and serve to define the L

half- intensity points.
; The measured bandwidth is 4.65 nm and the center wavelength is 521.4 nm. These
' measurements were made with the same dye solution used in the field tests. There is no evi-
dence of the green shift thut accompanies dye exhaustion.
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; N
G ; LASER BEAM DIVERGENCE P
} o An gxact measurement of the shape and divergence of the luser beam has also been
i ! made. A plot of the data taken is shown in figure 10. The measured beamwidth in air and k
Y Y the calculated beamwidth in water ure given below,
b cor Amplitude Air Water ]
._" " .
l! 0.5 28.4 mrad 21.4 mrad
3] .
q , 1/e 30.1 mrud 22.6 mrad )
S 1/e? 33.0 mrad 24,8 mrad 3
: ;
e E
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ERROR ANALYSIS , Q

:3 The beamwidth, center wavelength, and bandwidth of the output of the OPSATCOM 1
laser are, for all practical purposes, invariant quantities. The actual value of the peak pulse ' l
amplitude and the stability of that value, on the other hund, are affected by the factors o
mentioned earlier in the sections covering the culibration reference and pulse amplitude sta-
o bility. The scemingly largest source of uncertainty is the 8% accuracy specificution usso-
. clated with the EG&G radiometer unit. In fact, this source of error is not always as importunt ]
as it appears to be, !
Most of the rudiometer error consists of u fixed offset in un absolute sense; that is, '

: 3
e 4
,E' the instrument would read consistently high or low (or exunctly for that matter) when used to ]
g, measure o precisely known intensity of light at 521.4 nm. [ts reproducibility of mensurement
E:_ is less than 1% according to the manufacturer, so, although it may be reading wrong, the error i
involved in reproducing the wrong reading is small, ;J
f ﬁ If this instrument is used to calibrate the luser and then to calibrate a receiving appura-
55 tus, the of fset, if there is one, becomes v purt of the calibration of both instruments in the :
= same direction, If the luser und recelver are separated and the receivg:d signal intensitizs are .
t‘ expressed in normalized form, such as “*dB of path loss™ or “uW/cm= for a 5-kW laser pulse,”
‘F then the offset cancels out. The only place the offset shows up Is in expressing quantities in -
;o absolute units; one cunnot compare the r%ceiver calibrution data with receiver noise and say .
o thut the receiver SNR is 0 dB at 1 nW/em=, for example, without considering the possibility ’
}' of un offset. For relative measurenients the £19% specification should be used, and for abso- .
' lute mensurements the £8% specification. ' ‘
E The largest source of error for most purposes, then, is the pulse-to-pulse amplitude :
stability. This has been shown to be of the order of £5% in the steady stute (after S seconds ..
. of opuration), If another £2% is ullowed twice for oscilloscope error (once when setting up ‘;}
] the laser and once whe‘p culibrluting the receiver), then the limits for relative measurementy :
{;z | would be (14 + 224224 52)/z = (%, Absolute measurements, by the sume reasoning,
| could be in error by no more thun £10%. Py
These error limits, £6% rel und £10% abs, represent only those fuctors described +
\ \ above and do not include errors associuted with reading or recording data at the receiver. )
! Detailed system information is provided in table 4 and figures 11-13. }}
l TABLE 4, LASER CONTROL PANEL TERMINAL IDENTIFICATION. ..
1"- l %
I, Neutral y
T 2. Phase ] input 7
ﬁ . 3. Phase 2 input y
P 4, Phase 3 input
! 5. Noutral down (bluck) ; ‘
b 1.
g 6. Phase I down (orunge) =
o “ Phase 2 down (red) -
S 8. Phaso 3 down (whito/black) !
b I‘ 9, 20-Hz signal down (green)
b 10.  Metor MUX up (red/black) g\,
i ' 1. Fault up (white)
, ! 12, Signal ground (blug) 4
b/ g i
L b ‘
!,
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N c SECTION 2 o
! - UNDERWATER RADIANCE SCANNER g
BACKGROUND ]

" }

e .
b The Underwater Radiance Scanner was developed to measure radiance distributions

L . of natural light fields underwater, 1t was deployed in a series of experiments designed to

iy validate a model describing propagation of optical energy from a satellite to an underwater

5,,";1.- ) terminal.’ In addition to measuring radiance distribution, the instrument is required to

-‘ i rapidly sample the solur energy distributions found just below the surfuce at an adequate

: rate to define the sea surfuce wave slope statistics.

L Rudiance is the radiant power incident on a unit surface aren per unit solid ungle

o | 1 from u defined direction, Radiance distributions are the collections of numbers which de-

"’.," . scribe the radiance values at 4 point in space from all directions,2 Hence, the radiance L

13 L may be defined by

: d2F 2 .

: L = w— W/em* » gr 1)

: : dAcostda (

{ - where 13 is the incident flux density on an arca dA at un angle of incidence £ from a field .
X ‘ i of dS2. .‘
3 | Physical oceunography hus recognized rudiance distributions as a function of depth
3 as significunt measures of the inherent opticul properties of water masses,™ 3 Early wotkers 1
b C devised photometric instruments to obtain radlance distributions in the sea, The resolving 3
. power of these instruments, however, wis poot; the volume of data which had to be handled ]
' was Jurge; and the Instruments themselves wore awkward, limiting the quality and quantity !
b . of the data acquired, g
: A very complete set of radiunce distributions as a function of depth wus obtained by E
b ' Tyler in Luke Pend Oreille in northern Idaho,b Tyler's instrument was a mechanically scan- 3
)'.- i ning Gershun tube photometer and was not suitable for work in the open ocean. [
3 _. The importunce of the radiance distribution with depth in water masses us a means ,.
of describing inherent opticul properties was flirst recognized by Duntley in 1949, Theorstical

. work exploring the nature of underwater radiance distributions was accomplished by

N . Duntley ¢ and Preisendorferd with Tylcr4 showing that the greatest yield of information from

. i experimental sources on the opticul propertics of natural waters is provided by the measure- 5
g ' ment of radiance distribution with depth, 3
: 1, Kurp, 8, “Optical Communications Between Underwuter and above Surface (Satollite) Terminals” '
R o IEEE Tran Comm, COM-24, 66-81 (1976) *
.,;'-f ’ S 2. Smith, RC, et al, “An Oceunographic Radiance Distribution Camora System,” Applied Optics 9, 1
3 2015-2022 (1970) p
! ) ' 3. Jerlow, NG, “Optical Qceanography,” Elsevier 1968 |

o )

- e 4. Tyler, JE, “A Survoy of Experimentul Hydrologic Optics,” J Quant Spectrosc Rudn Transfor, 8

' 339-354 (1968)

' P 5. Nygard, K, “Radisnce Distribution below the Seu Surfuce,” AGARD lecture Serles 61, Optics of the Sou b
jﬁ- P 6. Tylor, JE, “Radiunce Distribution as o Function of Depth in an Undoerwater Environment,” Bull Scripps "'
ii 'J " Inst of Oceanography 7 363411 (1960) b

' v j 7. Duntley, 8Q, *“The Visibility ot Submerged Objoets,” Visibility Laborutory Report 1952

8. Preisendorfer, RW, “Model for Rudiance Distribution in Natural Hydrosols,” JOSA 47 1046 (1957)
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In an effort to fivoid the many experimental difficulties encountered in acquiring
radiance distributions in the seu, Smith designed a Radiance Camera system uround the Nikkor
fisheye lens, which has a nominul field of 180 degrees.” Since an entire hemisphere is pro-
jected onto a photographic film in the focal plane of the fisheye lens, it becume practicuble
for the first time to acquire data of high resolution rapidly. Two such cameras were mounted
together, one covering the upper hemisphere, the other the lower, to obtain complete
radiance distributions,

The usual problems of using {ilm to make photometric nicasurements are encountered
in the radiance cumera, It is necessary to take two frames at differing exposure values to
accommodate the dynamic range of the seene.* Data reduction is uccomplished after careful
film processing using an automatic scunning microdensitometer coupled to 4 computer,

BRIEF DESCRIPTION

The Underwates Radiance Scanner uses Smith's radianee camera conuepf2 but ¢limi-
nates the intermediate and troublesome [ilm process. An improved fisheye lens is utilized to
image the upper hemisphere onto an image disseetor camera system,

The result is 4 unique instrument for real-time measurement, recording, and display
of underwuter radiance distributions, It provides high resolution of fine details in the angular
structure of rudlance distributions. 1t is also capuble of rupidly acquiring dutu und cun re-
cord the complex radiunce distributions found neur the surfuce which are due to retraction
and reflecuon effects ut the alrsen interfuce. A complete hemisphere or uny portion of'a
hemisphere may be scunned without mechunical motion of uny kind.,

The sensory unit of the radiunce scanner conslists of an image dissector cumera system
and an 8-mm, /2.8 fisheye leny system in a submersible pressure vessel. The cumera system
is 0 rundom-uccess image digitizer and operutes under program control from a digital computer
through un ussociated digltul video unit. The sensory unit containg electronie circuitry for
adjusting the video gain of the cumera (by changing the electron multiplicr voltage), setting
the aperture stop, and performing as muny as three additiona! functions all under the control
of the central processor. An opticul coupler interfaces the sensory unit to u long underwater
cable, A seriul-to-purallel recelver is used to drive cumuera logie circuits und the 12-bit com-
mands to the X-and Y-uxls deflection circults,

Connecting the radlance scunncer sensory (underwater) unit to the surface equipment
is un interconnecting cable which may be in excess of 110 meters in length, This cable con-
tnins three shielded und twisted pairs and three conductors, Power is supplicd at nominally
£20 volts on two ol the conductors (the third being the return) to power supplies in the
underwater unit, ‘The first twisted pair is used for serial digltized control data trunsmission
down to the scanner; the second supplies the clock pulses; Lhe third transmits the wnalog
video to the surfuce,

Interface with the computer is achieved by use of u digital video unit which accepts
the 16-bit computer output duty format und serially transmits these data to the camera.
Twelve bits of each word ure deflection address commands und four bits are used for con-
trol functions, The return video is digitized and provided to the computer in 10-bit positive
Jogic format. Four 1/0 control signals are employed in interfucing with the computer, This
digital video unit nlso allows manual setting of the three control functions  the lens uperture

9. Miyumoto, K, “¥Fish Lye Lens,” JOSA 54 1060-1061 (1964)
* Smith, RC, private communicution, 23 Qctober 1974




o,

T TR L T S M AL TN

T LN By AR

TIVE TS TTWAA T T DT T M

stop, signal dwell (integration) time, and the camery gain functions. Control of the signal
dwell time from 40 microseconds to 6.5 milliseconds is possible, The total time required to
obtain u single radiance sample ranges from 240 microseconds to 5.2 milliseconds, depending
on the integration period. This allows time-varying radiance distributions found near the
surface to be sampled rapidly, with each frame being completed in a period which is short
compared to scene dynamics.

Digiral control of the radiance scanner by a small computer provides a high degree
of versatility in the system. A program library has been developed to accommodate a
variety of requirements. Peripherals allow program control, display, and recording and can
simultaneously service other related experimental equipment and handle data.

A schematic diagram of the entire radiance scanner control system used in the ex-
periment is shown in figure 1.
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UNDERWATER RADIANCE SCANNER SENSOR

The sensor element of the underwater radiance scanner mounts in a submersible
pressure vessel, as shown in figure 2. Major elements of the sensor operating system are
the optics, the image dissector camera, and associated components.

OPTICS

At the heart of the optical system is the 10-element Nikkor 8-mm, /2.8 fisheye lens
deseribed in figure 3. This lens, while similar to the lens used in the radiance cameru system,
is fuster and appeared to exhibit much less flure around the perimeter of the imuge due to
bright objects in the fietd . *

All fisheye-type lenses exhibit inherent distortion, which is the result of mapping u
hemisphere onto u plane surfuce and should not be confused with optical aberrations. In
this tens, that mupping function is the equidistant projection formuls in wiich the zenith
angle ¢ of any point recorded in the imuage plane is proportional to the distance from the
center of the image r,9,

r=1{¢ (2)
where s the focal tength of the lens = 8 millimeters. Such a lens is ideal for photogram-
metric purposes and was designed for scientific applications such as measuring the zenith or
azimuth ol astronomical bodics or recording the distribution of clouds over the entire sky.]

Consider figure 4 in which the camera entrance and exit pupils are assumed to be at
the origin of the coordinate system. An element of the field dA is imuged as ds. The solid
angle d§2 projected by dA at range R and zenith ungle ¢ is

dast= YA < gin g dgdo (3)

R~
and the incremental focul plane area
ds=rd0dr, (4)
Differentiating (2). we obtuin
dr=fd¢. (5

If from (2) we then let

vl = (J’_> singd 0 . (0)
sin ¢

Smith, RC, private communication, 23 October 1974

10. “Lisheye-Nikkor Lens,” instruction manual, Nippon Kogaku KK 1973
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FOCAL LENGTH APERTURE B mmt 28
PIGTURE ANGLE 1HO
EFFECTIVE PICTURE FIELD 23 mmch ON FILM
LENS CONSTRUCTION 10 ELEMENTS IN B GHOUPS
PROJECTION FORMULA EQUIDISTANT !
DIAPHRAGM AUTOMATIC, STOPS DOWN TO 1 22 Pl
i FOCUSING RANGE INFINITY { 30 ) TO 1 FT (03 m) Lo
: DISTANGE SCALE QRADUATED IN BOTH FEET AND METERS
L MQUNT NIKON | BAYONET MOUNT
vy DIMENSIONS 123 mmdt X 140 nun
b WEIGHT APPROX | ky :
B i
.'

- . IFigure 2. Undorwater radlance scanner sensor. Figure 3. Features and spocifications.
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combining (3), (4), (5), and (6) yields

ds= rdodr= 1‘3(_"‘;> a9,

sin ¢

The focal plane resolution ds is determined by the area of the aperture which iy built
into the image dissector tube and is 4 constant throughout the image plane; hence,

aQ = ;‘2- (ﬁ%@) ds (7

and the resolution is seen to improve from the zenith (¢ =0) to the equatoriul plane (¢ = w/2)
by a factor v/2, or 1.57,
The camera tube aperture was 0.127 mm in diameter (0,005 in); hence,

ds=1.267 X 102 mm? 8)
and
dQ =198 X 1074 sterudian at ¢ = C degree
= 1,89 X 10~% steradlan at ¢ = 30 degrees '
=1.78 X 10~ steradiun ut ¢ = 45 degrees )
=1.64 X 10~% steradiun at ¢ = 60 degrees
=1.26 X 104 steradian at ¢ =90 degrees "

are the expected values of resolution.

Other opticul elements which must be considered are the dome pressure window and
the opticul interference filter. The filter is mounted in the back focual tength of the lens im-
mediately after the last element. The spectral characteristics of this filter (fig §) ure a peak E
transmission of 57% and a FWHM optical pussbund of 93 angstroms.

The aerylic plastic pressure window is 4 dome of 8.9-em radius. When submerged,
this dome constitutes u negative lens clement of approximately -28-cm focal length, Focus- .
ing effects are partinlly compensuted by setting the focus ring on the lens to | foot when the
camera is assembled into the pressure vessel. Wide-ungle lenses are very sensitive to opticul :
tolerances at large field ungles. and the performance of the lens may be degruded when oper-
ated underwater, i
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IMAGE DISSECTOR CAMERA

The image dissector tube is u standard ITT type F4011RP 3.8-cm (1% in) diameter
tube with a remotely processed S-20 photocathode. The responsivity of the photocathede
was meusured at 0,039 A/W for a quantum efficiency of approximutely 9% at 522 nano-

w meters. As stated previously, the fixed aperture was 0.127 mm in dianmeter.

A modified 1TT model 5005 cumera head which provides magnetic focusing and de-

flection coil assemblies is used. Photographs of the image dissector camera assembly are

L shown in figures 6 und 7. The cumera unit also contains:
S Voltage divider
A e Video preamplifier
. Focus curtent regulator ]
. : Deflection amplifiers ! 1
. i : High-voltage power supply 1 '
.. I
i Voltuge regulator i
. In uddition to the cumery head there s 'n glectronics box, an underwater power unit, :
\. { and an electrical motor to drive the uperture siup setting, v
. . The electronics box contuins three circuit curds necessary for interfacing with the i f
Lo digital equipment on the surfuce through more thun 110 meters of underwuter electrical L
. cable: ;
’ |
- 1. A serialto-purallel receiver which accepts data transmitted to the camery in ; d
serial formut, 1t is connected to the cuble through an optical coupler for isolation. This cir- 1
; cuit also receives the clock pulses and performs logleal functions such as parity checks. {
: 2, An X, Y register und D/A converter which receives the parallel data and provides -
an unulog drive sighal to the deflection amplifiers, 3
‘ 1
' 3. The control register und video driver card which receive control bits and retain : i
them until the noxt transmission. The control register provides five open-collector TTL ;
. _ circuits to operate equipment in the underwater cunister, Two control signals are used to by
; operate four relays, one ul a time, through a two-to-four-line multiplexer. These relays con- o
‘ - nect potentiometers which in turn control the high-voltage regulator in the camera, provid- I
v ] _ ing four levels of photomultiplier gain in the imuge dissector tube. BEuch guin change pro- !
{’-5\ 3 f vides upproximately a 5 to 1 change in gain, -
' L The video driver is specially designed 1o drive more than 110 meters of twisted-pair P
f ! video cuble to the surface signal integrator and digitizer. i
; (I The underwater power unit provides £ 15 and +§ volts to the underwater system and | ‘
oL provides signal connections to the underwater cable. -
I A de gear head motor operating on the +3-voit power supply drives the aperture con- i i
ac " 1 trol ring on the lens using miniature chain and sprocket assemblies. The stall torque of the Lo
o ‘] g . motor is too low to dumage the lens when the uperture is driven to either limit, £2.8 or £22. ;;J
' Two control functions are used to operate the motor  one to apply the S-volt power, the ;r"
oo other to reverse polarity,
b l : Other ancillury equipment in the underwater canister includes a depth pressure sensor

and a lquid water alarm sensor which operate independently of the camera system.
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2 ] DIGITAL VIDEO UNIT : E
:". B 7 '
k| The radiance scanner underwater sensor is controlled from the surfuce by the digital X
l’ e video unit (DVU), which operates as a peripheral input device for a digitul computer, The
5 DVU contains the computer interfuce, power supplies, and controls for operution of the '
b ' radiance scanner, : :
s! . The DVU uccepts digital data from the computer and transmits the appropriate com- s
oL mand and control signals to the underwater sensor. Provisions are also made for manually
"' ¢ntering the control slgnals by means ol panel switches on the DVU, ‘
I B The video processor in the DYU accepts the analog video signal from the underwater ]
A . camery and converts it to u 10-bit positive logic video output to the computer, The video
i processor circuitry consists of u squelched integrator, a sample-and-hold amplifier, und an -
g .- unalog-to-digitul converter. The signal integrution period, or dwell timo, cun only be adjusted -

g | manually by means of a 10-turn potentiometer control on the DVU control punel. Py
' .- Two ungrounded, udjustable power supplies ure provided, and set to compensute for
e, .. cuble losses to provide a minimum £20 volts under full lozd to the power circuits in the ‘

; ~ underwater cunister, K
5 S To interfuce with the digitul computer, the following signals are used: .4
1 !. . Computer output data 16 bits, positive logic (4 bits control + 12 bits
- address) DS
3 Computer input data 10 bits straight binary P
g a 1/O control signuls OR  DVU requests output data I -
§ ’ IR DVU requests video input b
. .y §
8. . 1A - Computer acknowledges input )
g i INIT - Initializes DVU, raiscs OR :
1 } "
v The DVU provides LED panel indicutors for the following information signals, not used us bR
" logical signals in the operution: C
,:'g | BUSY High during transmission to camera and de- | 3
YO flection settle and dwall time .

R XMIT High during trunsmission of data from camery i
Py N :

. The system is desighed to operate under computer control; that is, the computer .
b/ i. . directs the camara to a specified point in the field of view. The camera system measures the o
i 5 brightness of the point and transmits this video signat! to the computer, . N
B - In uddition, the system includes provisions for udjusting video guin (four settings) Ly

LY i and operating up to live externul system controls by computer or front panel controls. i A
K. The sequence of operation is as follows: -8
% T 1. The DVU uccepts position data from the computer- X and Y data plus a GO o
‘f" . ;1 . signal. by

SR . ) 1
b 2. The data are transmitted to the camera (approx 150 us).

:;-;' 3 3. The camera deflection moves to the directed point (approx 40 us). :'
A i
'.':.' ?“ :\\u,"

. E: i,‘. 11, Wuellner, LE, *“Technical Manual Vidissector Camorn System for Underwater Photometry,” 11T &

Y Report Proj 64225, 28 April 1975 .
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4, The video signal is measured (50 us to § ms by front panel signal dwell time i
control).
5. The video duta are trunsferred to the computer.

Total tin.e per element, therefore, ranges from 240 us to 5.2 ms.
. The data format required by the DVU from the computer is shown in figure 8. An
| overall block diagram of the DVU, underwater cable, and underwater radiance scanner . %
; sensor is shown in figure 9. "
| E
| .
i ‘, ) ;

' )
\ | -_-J
s
- §
y
. i
] A
iy
‘\ [ 4
; |
; o
: .
o CONTHOL BITS DATA BITS S
¥ oy
iy MSB LSB y ;
% 14 13 12(1 w0 © 8 7 6 & 4 3 2 1 0 FUNCTION L
P .
'\“___J 0 0 0 1 12 bits, 2's complemaent X Poiition [
l‘\ o o 1 0 | 12bits, 2's compisment Y Position S
|
. 0 1 0 1 12 bits, 2's complement X Position and Go |
-‘;"; 0 1 1 0 | 12bits, 2's complement Y Potition and Go X
P 0 1 0 0 | New data disregarded Go again e
e 0 1 1 1| 12bits, 2's complement XY and Go ' j
b o} 0 0 0 | New data disregarded No operation
W 10 0 0| 117 diwegurded © 0 0 0 0 0 0 |Setgain0o,=1x10% oy
a ] i 0 0 0| 11-7 disregarded 0O 0 0 0 0 0 1 |Setgunor,=6x104 ] I
& [ 2N
& t 0 0 0| 11-7 disregurded 0O 0 0 O 0 1 O |Setgainio,~28 X 10° B
4 1 0 0 0 | 11-7 disegarded 0 0 0 0 0 1 1 |Segaintt,=126x108 )
I 1 0 0 0| 117 divegarded 0 0 0 0 1 0 O |Opssasperturatot/28 ”
o 1 0 0 0 | 117 disregarded 0 0 0 1 i 0 0 | Clotes aperture to £/22

Ao

Figure 8, Computer output format to DVU,
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DIGITAL EQUIPMENT

The underwater scanner requires i generial-purpose digital computer which can pro-
vide program control and handle the return video data. Periphera) equipment of various
types may be provided to best suit the user’s needs.

For the experiment, the equipment wis chosen principally on the basis of ready
wvailubility within the luboratory. Asa central processor, a Nova 800 computer wis utilized
fuving 16k ol core memory (16 384 sixteun-bit words), The other equipment, as shown in
figure 1, included:

Megatek PB-721A-08 graphics interfuce having 256 daty point memory with refresh

Datutron clock und MDB Systems interfuce bourd to provide duy and time of day
to 10 milliseconds

ASR-33°TTY with o Remex 1/O bourd controller

Nine-track Wungeo maghetle tape deck with Declsion controller
Remex high-speed paper tape reader/punch and controller

Anuogic 32-chunnel A/D and 8-chunnel D/A converter with interfuce
Tektronix RM-503 oscilloscope

SOFTWARE

For muximum versutility and cuse of operation the operuting program langusge wis
singlesuser BASIC. as provided by Data General Corporation, but moditied to aceept sub-
routine culls to assembly lungunge programs stored in core. These assembly language sub-
routines operate all the peripheral equipment except the TTY, including the rudiance sean-
ner, The transier of data from BASIC to core storuge and to peripheral cquipment is also
controlled by ussembly language subroutines,

Core sloruge of the NOVA wus configured to contuin, sturting from the highest
address, the binary loader or bootstrup. The next 4095 words were dimensioned for the
magnetic fupe buffer, The assembly lunguage subroutines (drivers) accupy upproximately
the next 3k of storage followed by the dimensioned artays. The lowest 4k of cote containy
the BASIC Interpreter with operiting progrin storage it the space between the BASIC
Interpreter und the arrays,

The high-speed puper tape reader was used to duplicate puper tapes and to {oad the
cotmputer, Operating programs, however, could only be entered vid the teletype, cither by
typing in the program or using prepared tupes on the teletype tupe reader.

OPERATING PROGRAMS

The virtue of using BASIC in the operating prograns is the wbility te write or
modify programs casily to perform a variety ol Functions, stich as reading the environmental
sensors, reducing recorded data, or displuying realtime imagery for examination. A large
namber of programs were developed during the field tests and during equipment ealibtation
efforts, Two programs. however, were used in various (orms to acquire most »f the under-
wuter radiunce data, These are the Automatic Hemnsphierical Scan program und the Shap-
shot program.
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AUTOMATIC HEMISPHERICAL SCAN PROGRAM

The Automatic Hemispherical Scan program scans the entire upper hemisphere using
three preset resolution values, The data points generated by the deflection program are
shown in figure 10. The innermost square contains the zenith and circumscribes zenith
angles of up to nominally 30 degrees. Highest resolution is used in this central zone as sky
features of interest to the experiment (the sun) will appear in it. The inner-zune resolution
is 20 digital deflection units, or upproximately | degree.

The resolution of the next-arger square is half that used for the inner scan, about 2
degrees. This square circumscribes the Snell circle, a circle of approximately 50 degrees
from the zenith within which is refracted the entire hemisphere of light above the wuter,
The outer region uses a resolution of 4 degrees and is circularly configured to match the
imuge formut of the fisheye lens,

At the start of each datu run, the operator enters u sturting electron multiplier gain
for the first scun in each zone, The operator must manually set the signal dwell or integra-
tion period and the uperture opening. The tirst operation performed by the program is to
read the day and time-of-day clock und then the environmental monitors, These data are
stored in the magnetic tape buffer und written onto the tape later,

The progrum scuns the inner area first, using the initial camern gain setting that is
entered ut the start of the program, The apertwe of the cumerd is positioned at X = -600,
Y = -600 and scans inwurd towards the zenith. The positioning is performed in the Camera

X.Y deflection coordinate system, Reudings are taken at (X,Y), (X,=Y),(=X,=Y), and (=X,Y).

The X coordinate is then increasod by | degree (20 deflection units), and another set of four
readings is tuken. The X coordinate is increased und readings ure tuken until its value is 0,
then X is reset at =600 aguin und Y Is increased to =S80, Readings are taken in this munner
until the aperture is positioned at the zenith,

A check Is made while scanning the inner area to determine whether the threshold
of the cumory (maximum video signal of 1023) has been exceeded, If it has, scunning will
bo switched to the Snoll arcn of the viewing flold. 1f not, the gain setting on the cameru is
checked to deterntine whether the highost gain seiting on the cumery has boen used for
seanning. 1 net, the gain is increused und the aperture is roset ut X =Y = <600 und scuaning
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of the inner area is made agaln. The scanning is switched to the Snell zone if the highest
gain was used. The Snell and outer aren scans are made in the sume manner.

When the aperture of the cameru has been positioned at o data point, the camera
sends back u signal to the analog-to~digitul converter, The A/ converter changes the signul
to a number from 0 to 1023, with 1023 being the threshold, This number is stored in the
computer buffer arca along with the X and Y coordinates of the aperture position. When
the buffer iy full, its contents are written onto muagnetic tape us a record,

The program stores the highest signal reud in each ureu, the coordinates of the posi-
tion, and the camera guin setting, The program ulso keeps a counter of the number of
times the signal exceeds the camera threshold. These duta are printed by the teletypewriter
along with a completion message when the program hus been executed. Flow charts of the
Automatic Hemispherical Scan program are shown in figures 11 und 12,

A variation of this program drives the digitul-to-analog converters with the XY :
deflection and the return video, An oscilloscope monitor can provide u real-time image of .
the scene for preview und monitoring, Unfortunately, the oscilloscope avallable to this proj- '
eet responded poorly to Z:suxis modulution, Figure 13 is u photograph of the radiance dis-
tribution made from the oscilloscope monitor, The depth was 15.24 meters in the morning i
of 12 June 1975, during u heuvily overcast condition, In the photogruph North is up, but 1
West is Tound towurd the right. The shudow beginning in the lowor right-hand corner and
disuppearing toward the zenith is the 8-inch verticul pipe support for the instrument
plattorm,




‘ START '

ENTER LIMITS OF CAMERA
LENS VIEWING AREA, RUN #,
AND INITIAL GAIN SETTINGS
FOR INNER, SNELL, AND
OUTER AREA SCANS

WRITE RUN #, TIME,
AND ENV:RONMENTALS
ONTO TAPE

SET MAX SIGNAL VARIABLE
AND THRESHOLD EXCEED
COUNTER = ZERO, CAMERA
GAIN VARIABLE TO INITIAL
INNER SCAN GAIN, AND
THRESHOLD VARIABLE

TO VALUE

SET GAIN ON CAMERA

PUT INNER SCAN INDEX
AND GAIN INTD BUFFER

SET RESOLUTION AND X&Y
OUTER LIMITS FOR INNER
AREA SCAN, Y COORDINATE
=Y QUTER LIMIT

Figure 1 1. Underwater radiance scannor

>

SET INTERVAL = ZERO

>

X COORDINATE = X
QUTER LIMIT « INTERVAL

GO TO CAMERA SUBROUTINE
WITH COORDINATES (X, Y},
(%, =¥), {=X, =Y}, AND (=X, ¥}

(e —r

INTERVAL = PREVIOUS
INTERVAL + RESOLUTION

]
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GO TO THE CAMERA
SUBROUTINE WITH
COCRDINATES (0, Y} & {0, -Y)

INNER AREA THRESHOLD
EXCEED = NUMBER OF TIMES
SIGNAL EXCEEDED THRESHOLD
DURING SCAN OF AREA AT

ONE GAIN SETTING

Y COORDINATE =
PREVIOUS Y - RESOLUTION

INCREMENT CAMERA GAIN

VARIABLE BY ONE

nONOs

GO TO THE CAMERA
SUBROUTINE WITH
COORDINATES (X, 0) & (X, 0]

C

O G-

INNER AHEA SCAN MAX
SIGNAL, X AND Y
CODORDINATES, AND CAMERA
GAIN SETTING ARE SAVED

SET THE MAX SIGNAL
VARIABLE AND THRESHOLD
EXCEED COUNTER = 2ERQ

GO TO THE CAMERA
SUBROUTINE WITH
COORDINATES (0, 0

SET CAMERA GAIN
VARIABLE ~ INITIAL

SNELL AREA GAIN

QO TO THE MAG TAPE
WRITE SUBROUTINE TO
WRITE LAST RECORD OF
SCAN ONTO MAG TAPE

Figue 11 (Continued).

ke i o




et -

e e e e e e

P,

L A

CEELLLL R

SET GAIN ON CAMERA

PUT SNELL AREA SCAN
INDEX AND CAMERA
GAIN INTO BUFFER

SET RESOLUTION AND
X &Y OUTER AND X &Y
INNER LIMITS FOR
SNELL AREA SCAN AND
AREA SCAN INDEX

~ ZERO

Y COORDINATE =
Y QUTER LIMIT

SET THE INTERVAL
= ZERO

3c

X COORNINATE = X
JUTER LMIT - INTERVAL

GO TO THE CAMERA
SUBROUTINE WITH
COORDINATES (X, Y),
(X, =Y), (=X, =Y), AND
(=X, Y)

INTERVAL = PREVIOUS
INTEAVAL + RESOLUTION

3c

v

GO TO THE CAMERA
SUBROUTINE WITH
JOORDINATES (0, ¥}
& (0, ~Y}

IS
THIS SCAN
OF OUTER
AREA
?

NO

NEXT Y COORDINATE =
PREVIOUS Y ~ RESOLUTION

Figure 11, (Continued).
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GO TO THE CAMERA
SUBROUTINE WITH
COORDINATES (X, Y)
B (-X, Y}

18

THIS SCAN

OF QUTER

AREA
?

NO

@

GO TO THE MAG TAPE
WRITE SUBROUTINE 10
WRITE LAST RECORD
OF SCAN ONTO TAPE

R R

SNELL AREA THRESHOLD
EXCEED COUNTER = NUMBER
OF TIMES SIGNAL EXCEEDED
THRESHOLD DURING SCAN
OF AREA AT ONE GAIN
SETTING

INCREMENT CAMERA GAIN
VARIABLE BY ONE

" HAS
HIGHEST GAIN
BEEN USED

~ 7

YES

SNELL AREA SCAN MAX
SIGNAL, X AND Y
COORDINATES, AND CAMERA
GAIN SETTING ARE SAVED

SET THE MAX SIGNAL
VARIABLE AND THRESHOLD
EXCEED COUNTER -~ ZERO

SET CAMEFR A QAIN
VARIABLE = INITIAL

OUTER AREA GAIN

Figure 11, (Continued).
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HIGHEST GAIN
BEEN USED
?

SCANNING COMPLETE,
WRITH AND "END OF FILE"
MARK ONTO MAG TAPE

ERROR OCCUR YES

WHILE WRITING
?

BACKSPACE TO BEGINNING
OF LAST RECORD WRITTEN
ON TAPE

READ LASTR SORD

?
NO

WRITE "EOF NOT WRITTEN"
ON TELET'YPE

§sTOP

A A T L A LA L e L T PO L R e TR
WAS
"END OF FILE"
HAS YES READ

OUTER AREA SCAN MAX
SIGN2, X AND Y
CODRDINATES, AND CAMERA
GAIN SETTING ARE SAVED

WRITE THE MAX SIGNAL,
X AND Y COORDINATES
AND CAMERA GAIN
SETTING OF MAX SIGNAL,
AND THRESHOLD EXCEED
COUNTER FOR EACH
AREA SCAN

L.
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Figure 11, (Continued).
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CAMERA POSITIONING SUBROUTINE

C START ’

SEND X AND Y
COORDINATES TO CAMERA
AND GET SIGNAL BACK

STORE X AND Y
COORDINATES AND SIGNAL
IN BUFFER

IS
SIGNAL
THR ES?HOLD

INCREMENT THARESHOLD
EXCEED COUNTER BY ONE

SAVE SIGNAL VALUE, X
AND ¥ COORDINATES,
AND CAMERA GAIN
SETTING OF MAX SIGNAL

GO TO THE MAG TAPE
WRITE SUBHOUTINE TO
WRITE CONTENTS OF
BUFFER ONTO MAG TAPE

RETURN

TOMAIN \ 7B

Figure 11, (Continued).
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SET THE MAG TAPE
REVERSE AND TAPE
ERASE INDEXES = ZERO

ERASE FOUR INCHES OF
MAG TAPE INCLUDING THE
PART OF TAPE WHERE LAST
RECORD COULD NOT BE
WRITTEN

WRITE CONTENTS OF
BUFFER ONTO MAG TAPE
AS ONE RECORD

ERROR OCCUR
WHILE WRITING

SET MAG TAPE REVERSE
INDEX ~ ZERD AND
INCREMENT MAG TAPE
ERASE INDEX BY ONE

INCREMENT THE MAG TAPE
REVERSE INDEX BY ONE

WRITE "MT WRITE ERROR"
ON TELETYPE

REVEHSE MAG TAFE TO
BEGINNING OF LAST RECORD

Figure 12, Mag tape write subroutine.

RETURN
TO MAIN
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Figure 13, Radiance pattern from 50 feet, overcast sky.

SNAPSHOT PROGRAM

The Snapshot progrum was developed to acquire a lurge volume of data in the short-
est possible time. The operuting program begins by reading the day and time-of-<day clocks
and the environmental sensors as before, But the program then goes to an assembly lan-
guage subroutine which operates the camera in a nonautomatic open-loop mode, The
operator must manually enter the electron multiplier guin, the signal dwell, and the aperture
stop before initiafing program RUN,

The program requests a center X,Y coordinate locution, 4 resolution, and the num-
ber of scans deslred. The assembly language subroutine drives the camera deflection circuits
to develop u 60 X 60 square arruy of 3600 datu points. The center coordinates are found in
the 30th row and column of this array. Data are stored directly in the magnetic tupe buffer.
[t is the size of this bufter, 4096 words, which limits the array to 60 X 60. The time to
sean this array is 860 milliseconds with the signal dwel! set in its lowest position, Recording
the datd on magnetic tape requires less than 1/2 second so that repetitive scans can be made
every 1.3 seconds, Dynamic events such as wave action have been studied by muking
records of more thun 200 consecutive frames,

The solid angle or ficld covered by the Snapshot program depends on the operator-
specified resolution, sinee adjucent data points are separated by this resolution. It a resolu-
tion of 20 is specified (deflection units), then the array will be approximately 230 degrees
(£0600 deflection units) in X und Y around the specified center coordinates. An unused
feature of the program allows the X-uxis resolution to be different from the Y-uxls
resolution,

A later development of the Snapshot program gives operator control over the size
of the array as well, allowing smaller frimes to be tuken more rapidly.
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CALIBRATION

The purpose of calibrating the radiance scanner is 1o quantify its performance char-
acteristics and to provide an analytical means of interpreting the response of the scanner in
terms of the incident energy.

Calibration of the radiance scanner was performed twice, before and after tielding
the instrument to aequire data,

The initial culibrution effort was directed toward verifying the instrument tfunctions,
performing necessury adjustments, and developing confidence in the hardware. During this
effort accessibility to the camera was essentinl, and it was not installed in the watertight
pressure cunister. Rudiometric measurcments of cumera sensitivity and resolution were made
as well as cumera ficld-of-view deflection sensitivity, These data compared camera perform-
ance with predicted values und provided numbers which would be useful in the initial
interpretation of the duta, The radiometric calibration is reproduced later in this section for
use whenever the camera is operated ubove the water to calibrate the scene.

It was récognized, however, that operution of the cumera underwater in the canister
would be churacterized by somewhat ditferent calibration levels dué to the additional lens
clement formed by the submerged domue. Setting of the wide-angle fisheye lens focus ring
from infinite (o0) object distance to 1 foot provided u correctly focused image. The entrunce
pupil, stops, und projection formulu of the lens, however, could not be simply corroctud,
and an undarwater calibration was recognlzed as essential,

At conclusion of the field tests the rudiunce scannor was returned to the luboratory
for culibration. It was determined that calibration should be accomplishod with minimal
risk of altering the condition or contiguration of the Instrument. Thetefore, no electronic
adjustments were ullowed and the underwater canister was not opened or disturbed in uny
way.,
To accomplish the underwater calibrution, a fixture wus designed and constructed to
fit over the dome on the underwater canister. This fixture, itself & hemispherical dome of
40.6-cm (16 in) dinmuter, was fitted with five flat 5-em (2 in) diameter windows on a great
cirele through the center (zenith) of the dome. These windows were cemented into open-
ings drilied ut the zenith (0 degree) and at 30, 45, 00, and 85 degrees from the zenith, The
entire dome fixture was painted black except for the windows.

The camera was positioned vertically by leveling the cover plate, using o Starrott
square bubble levelhead, and shimming the support stund, ‘The dome was then placed
over the top of the camera und filled with tap water. During the calibration procedure jt
was necessury to remove and reposition the dome on the camera o number of times, A
Starrett muchinist protractor hieud with bubble level was used to determine the angle of
cach window from the vertical several times, always measuring in the plane of the grea
circle. Asa result, it was determined that the windows were positioned at zenith angles of
0 degree and 29, 61, und 85 degrees £1/2 degrec.

A 1000-wutt, short-ure, high-pressure xenon fimp wus used as a light source, An
adjustable, filtered de power supply operated the lamp and allowed control of its intensity.
The Jump was mounted in o lighttight aluminum housing which provided an aperture of
0.635-cm (1/4 in) diumeter. The aperture of the lump was positioned 132 ¢m from the
calibration fixture. A diagram of the calibration apparatus is shown in figure 14, The
totul length of the optical path from the aperture to the cameru entrance pupil (taken to
the center of the camers dome) was 149.4 em, At this range the calibration light source
subtended an angle of 0.23 duegree, or 4,25 millirudians.
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Figure 14, Underwater calibration apparatus,

The experimental configurntion shown was arranged to illuminate each of the 3
U windows in turn. A small 3-cm mirror was utilized to autocollimate the light source zenith
- angle position perpendicular to the windows. Irradiance from the light source was moni-
tored by a UDT-21A power meter appropriately filtered to respond to the energy in the .
passbuand of the rudiunce scanner, The power meter head wus placed tempotarily over the
[ illuminated window at o distance of 130 ¢m from the source to determine the flux level )
at that distance, Correcting for window reflection Josses and the additional optical path to
the camera entrance pupil, the effective flux level is 0.73 that incident on the monitor
; meter, After the flux level at the window had been measured, the calibrated irradiance
‘ meter head was moved to ¢ locution adjacent to the window. The window was thus un-
obscured, and the meter served to monitor the relative light level for unexpected changes
in the radiant intensity of the source,
‘ Daty were acquired through each window on the rudiance scanner sensitivity, the ,_
X.Y deflection address, resolution, and effects of gain and dwell settings. After data had g
been obtained through each window, the dome fixture was removed und rotated 180 k-
degrees to complete the data set for a given great circle, or camera uxis when referred to A
the focal plane, Four such uxes were used, nominally the X uxis, the Y axis, and the 45° i
axes (X =Y) und (X = -Y). The 45-degree uxes were chosen to test the deflection system

for pincushion distortion, [t was not possible to accurately align the data axes with the g
camera body inside the canister since it was inuceessible, A list of the X 'Y uddresses of
peuk response Is given In table 1, und th :y are plotted in figure 15 on the X,Y plane of the 8
digital command address. B
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TABLE |, DEFLECTION CALIBRATION DATA POINTS. g
No. 0] Address No. ¢ Address b
1 0 dogree 63, =207 20. 45 degrees «~637, -868
2, O dogree 71, =210 21, 45 degrees ~58S, 460 v
3. 0 degree 87, -201 22, 45 degrees -10, 730 N
' 4, 0 dogree 71, -197 23, 61 degrees | -116Y, =220 ¢
; 5. 0 dogree 70, =205 24, 61 degrees -68, 1068 .d
; 6. 0O dogroe 50, -132 25, 61 degrees 1341, -149
'. 7, 0 degreo 062, -216 26. | 61 degrees 983,  -1089 i
i 8, 29 dogroos 82, 494 27, 61 dogroos -824, 666 b
' Y, 29 dograes 173, -829 28, 61 degrees -830, -1108
i 10, 29 dogroes 522, 219 29, 61 degreos 9u4, 706 Ll
g 11, 29 dogroos ~554, -184 30. 61 degreos 260,  -1460 .
. 12, 29 degrees 691, «193 31, 85 degroes 8, -1910 A
) 13. 29 degrees 486, =650 32, 85 dogroes 1757, -176 N
; 14, 29 dogreos -3, 229 33, 8BS degroes | -1623, -188 Ll
; 15, 29 degroes =376, ~0406 34, 85 degreos { -1117, 1006 }
16. 45 degroes 1010, =199 35, 85 dogroos 1246 -1405 .
{ 17, 45 dogrees ~881, -202 36, 85 degrees 1332, Y74 ; :
"] ( 18, 45 degrees 721, -873 37. 85 dogrees | -1179, -1346
. 19, | 45 degroes 768, 453 38. | 85 dogrees -133, 1484
‘I’I *V . c ,'
» +2000 "
0 l \J i'
': © +1000 ® i
.:1:\ A A A vk -:.
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! Figure 15, Deflection calibration duta points u
Lo (from tuble 1), o8
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The zenith (0 degree) data point was measured only three times to establish an ap-
proximate center for reference. '

There are generally eight data points for each zenith angle. From the basic lens
projection formula, these are expected to lie on a circle in the focal plane, the radius of this
circle to be proportional to the zenith angle.

The data points for each zenith angle were taken in all combinations of three (56
combinations for eight data points) and the sets of simultaneous equations:

1

. o
: ((xj-xo)2 +(Yj-Y0)2)/’=r j)k,I=1to8
f (X = X2 + (Y - Y. (10)
, 1 J
Nl (X - X2+ (¥, - Yo)rfs =r
r ‘ solved for the rudius v of the circle and the coordinutes of the center of the circle Xg, Y.
. ] ! The solutions to the 56 combinutions were then averuged to an arithmetic mean. The
resulting curves (circles) were found to fit the datu rather well, Only data point 8 had to
. . be discarded because of its effect on the results. This technique can only be used where
/ the datu points are well behaved, Data points and the circles which fit to the data are
- shown in figure 16, Rudii in digital deflection units for each zenith angle @ are:
AR
x| | 8
s e 0° 0
b1 45° 948
. 61° 1270
! ' 85° 1698

These are plotted in figure 7.

Figure 18 shows the calculated X, Y() puirs as well as the three meusured centers,
data points § through 7. Except for datu point 6, the results are clustered closely. The _
point 72, -204 near the geometric center was chosen as the center, or zenith point, of the v
rudiunce scunner, S8
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DEFLECTION

By referving to figure 17 it con be seen that the zenith ungle projection onto the
photocathode depurts from the expected lineur relationship at some angle greater thun 61
dogrees, This lens behavior is probubly a result of the focusing of the lons for a finite object
distance (1 foot), the water-covered dome optics, or both. Four analytical expressions were
detived to fit the curve of figure 17, The expressions are:

I, Lincur. This relationship is the straight line druwn on figure 17.

] 1
[(x--mz (Y+304)2:l/3 cpe ] ah
2055 2055

2. Empirical, This relutionship attempts to correct for the nonlincarity at lurge
ungles,

0.53
Lx-73)2+(v+204)3] -3 g 00 (12)
31.61 atal’

3, Polynomiul of second degree, Chebyshey polynomials of second und third de-
gree were fitted to the datu by u lenst-squares method. The second-degree relutionship is:

v,
[(X --72)2 +(Y + 2()4)2:] 'z=—0.014l402+2|.747(0 <1981 = ¢, (13




4. Polynomial of third degree. This relationship has not been tested:

)
[(x ST+ (Y + 204)3] " 2 0.000103 - 0.02639 + 22,0870 - 2.277 =, (14) i

: Three of these expressions were tested by using the data in table 1 with the exception
' of data points 6 und 8, Table 2 shows the zenith angles predicted by expressions 1, 2, and 3 Pld

b from the datu of tuble 1. .
f The lincar relationship is easicr to hundle analyticully and can be made to fit the dutu

i rather well (21 degree, or £2,99%) for zenith ungles of less thun 60 degress, A better fit is ',
L\' provided by the empirical relationship, equution 12, which is £1.5% over the entire range, : éq
und use of this expression Iy recommended. - ;
: Since the rudinnce scanner was occaslonally operated above water to record the i
L angular locution of the sun for rotational or azimuthul alignment, the deflection characteris- 1
ties in air were slso measured. Deflection us o function of the radius of the command is

P shown in tigure 19, The center coordinates were unchanged from the underwater cuse. !
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}r oL TABLE 2. DEFLECTION ANGLE RELATIONSHIPS PREDICTION, -
‘ . Duta Std Std Polynomial Std
S Set Linear Error Devn Empirical Error Devn Dogroe 2 Error | Devn
L (1) (i) (13)
3 ' 0° 045 | 045 0.26 0.34 0.34 0.20 0.52 0.52 | 0.25
‘ 29° | 3029 1.29 040 2893 0.07 0.40 29.27 027 | 039
b’ 1 { 45° 46,04 1.04 0.7 4515 0.15 0.74 4491 0.09 | 0.71
o 61° 61.75 0.75 0.84 61.64 0.64 0.89 60.89 0.11 0.87
) 85° 82.63 2.37 0.68 8392 1.08 0.73 82.60 240 { 0.72
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‘ DEFLECTION SENSITIVITY !
» L
The deflection sensitivity of the radiance scanner is a significant parameter in de-
termining the ungular resolution of the instrument. For polar deflections or deflections in
planes containing the zenith vector, the relutionships derived for polar angle can be differen-
: tiated to give:
E _ 1. Linear:
1 dé . o oas  deflect :
i 0.04866 degree/digit of deflection. (1
N (
; _—
2 2. Empirical:
- 0.06 !
E do . 106r degree/digit of deflection, (129 I
-} dr 31.01 :
. 3. Polynomiul of second degree:
- 3
d¢ _ 0045983 L , L
X = et depree/digit of deflection, (13H Loy
L dr . 1-0.0013p CcBrec/ai -
S !
Since the data show that the lincar approximation has limited validity while the Cob
, camera s submerged, it may be necessary to use a nonlinear deflection characteristic, par- o
3,' ticularly at large zenith angles, for aceuracy. ‘The empirical relationship equation 12 oftery i i
E: some convenience and Is recommended, Table 3 lists the deflection sensitivities at the 1 {
- senith angles used in calibration, .
k !
N
" |
<~ :
S .
,;(',, ' TABLE 3, POLAR DEFLECTION SENSITIVITY, '
q‘ § Zenith 2nd Dogreo L
1} ! Angle Linear Empiricul Polynomiul D
i | g A Ao dr 4 ir K
'f.‘\-‘_ | dr dep dr d¢ dr do ! ;
”[ : 0° 0.04866 20,55 0031636 31614 0045983 2175 1
- 2° constunt 004933 2027 0047784 20927 »
. n( : 45° constant 005059 19,767 0.048840 20475 ¥
= =
Ly ) 61° Ceastant 005149 19.421 0049944 20,023 g
A 85° constunt 005239 19.088 0.051595 19.344 )
o i
p: | “The derivative of the emipiricad expression Is chunging rapldly at 0 degroe, The value from E)A.u
- the linear relationship s recommended ut O degree, .y
;.: ,‘.
} b
| r
C ! 2-34 %‘
w5 l,r, I F:




If the deflection properties of the camera had been linear, then the deflection sensi-
tivity in the azimuthal direction at various points in the field wouls also be a constant and
equal to the polar deflection sensitivity d¢/dr. However, the azimuthal deflection sensitivity
is a function of the zenith angle, or r. The values in table 4 are found by using the empirical
relationship.

TABLE 4, AZIMUTHAL DEFLECTION SENSITIVITY

(EMPIRICAL).
40 dr
dr Fi2)

0° - -
29° 0.04655 21482
45° 0.04747 21,066
61° 0.04803 20.820
85° 0,05006 19976

VIDEO SIGNAL LEVELS

A subroutine of the computer program commanded the camera to repctitively
sample a selected datu point and display the digitized value on the teletypewriter terminal.
This subroutine wus exercised ut or neur the peak video response obtained for each data
point, During the repetitive sampling provided by this procedure the cameru gain controls,
the signul dwell time, and the cumera aperture were stopped over their usable ranges. The
resultant changes In video output were printed on the teletypewriter, allowing tepeated
comparisons between gain setting, dwell setting, and aperture position.

The signul levels at two gain settings were compared to determine the relative gan
provided at such of the preset gains (multipligr high voltages). Examination of the data in
this manner provided inconsistent results, with the gain ratlos apparently signal level
dependent,

One possible explunation of this behavior could be an incorrectly set zero level on
the sample-and-hold circuit in the video processor with the result that small signals were
recorded as zero-level signals.

A l-volt power supply was arrunged to supply small-current signals directly to the
image dissector tube unodoe, A series resistunce box of 1% uccuracy was used to set the
slgnal levels, Resistunce values between 50 kilohms and 3.5 megohms were employed.
Figure 20 shows the busicully linear response of the video circuit and procsssor. Figure 21
detuils the response ut the small-signal end of the range. The results were found to be inde-
pendent of the high voltuge, or tube gain setting. It is upparent that a zero offset of approxi-
mately 14 digltal units is present. When 14 units were added to each data point, the gain
setting duta were much better behaved,

e

© acim T

SLRN R S

o
e

- _. £ Y A i B S
AT R . D - -t - R .




e

2

TR

T

TN T T S ey

|
|
[
b
!

1000

900

800

100

800

600

DIGITAL QUTPUT

400

JU0

200

100

DIGITAL QUTPUT

| | | 1 ] ] |
2 5 8 10 12 14 18
SIGNAL, A

Figure 20, Response of video ¢lreult,

100

90

80

70

[023
(=]

o
(=]

E-3
o

30

20

b

|

0.6

1.0
SIGNAL, A

18

20

Figure 21, Video response showing offset,

2-26

P

i s mmcnia sxe A




AR

Sl 3
- R |

| &9
3 x.

[ VT 3

L 3

GAIN SETTINGS

From the corrected data, the ratios of the signal levels at any two gain settings can
be determined. Using the binary representation of the gains (00, 01, 10, 11), the signal
ratios are shown in table 5.

If we define a gain factor G to be used with a camera calibration normalized for gain
10 (2), the values in tuble 6 can be derived from table 5.

TABLE 5. SIGNAL RATIOS BETWEEN

GAIN SETTINGS.

Gaing Ratio Std Devn Sumples
% 0.163 0.006 (3.5%) 18
ol
o 0.228 0,007 (2.0%) 30

10
o 0,326 0.02 (6.2%) 8

TABLE 6. CAMERA GAIN FACTORS.

Guin Fuctor G
00 0.037
01 0.228
10 1.000
11 3.067

DWELL SIGNAL GAIN

During the repetitive sampling subroutine, the 10-turn potentiometer which controls
the signal integeation period waus calibrated by tuking readings at various settings, The sig-
nal gain provided by increasing the signal Integration time was measured by recording the
signal levels at cach setting,

Due to the dynamic range provided by the signal integration period, or dwell, the
duta hud to be developed in three segments and joined at 0.5 turn and 5 turns of the poten-
tiometer. The dwell gain fuctor Gy is defined relative to u gain of | at 0 potentiometer
turn, Dwell gain fuctors Gy ure shown in table 7 und graphed in figure 22,

The dwell potentiometer was expected to provide a linear control over the signal
integration time and hence the signal level, or gain. If control were linear, the equition
describing Gy would be

Gg=1+122D, (15)
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k| TABLE 7. DWELL GAIN FACTOR G. L -

k. Potentiometer Meusured Sud ' :;
i Tumns Gain G Deviv | (%) Sumples Gg=1+ 11.23p1.036 ¥
. 0 1 . 0 | e
‘ 0.1 2.04 . 1 2.034 | i
0.25 3,66 0.10 | 3% 17 3.67 i
: 0.50 6.47 017 | 3% 19 6,477 s
¥l 075 9.12 039 | 4% 5 9.33 :
3 1.0 12.23 065 | 5% 31 12.23 Rk
f 2.0 23 81 078 | 3% 23 24,03 -
1 3.0 35.59 123 | 3% 20 36.05 N
F i 4.0 47.68 175 | 4% 19 48.22 R
g1 5.0 59.27 175 | 3w ¥ 60.50 1
6.0 7231 237 | 3% 9 7287 K
7.0 84.76 237 | 3% 85.31 -
8.0 97.20 240 | 2% 97.82 s
9.0 11083 110,39 S
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where D is the number of turns of the dwell potentiometer. This relationship, shown in
figure 22, is not seen to uccurately represent the measured data, The empirical relationship

Gq =1+11.23D1036 (16)

was derived, and values shown in table 7 indicate good agreement with the measured data.
This equation is recommended as a convenient analytical tool during data reduction.

APERTURE SETTING

During calibration, attempts were made to compare signul levels obtained with the
aperture stop at £2.8 with results at £22. In general, these efforts wete not successful; the
values found ranged from 47.5 to 8836, In the preexperimental calibration period, the
attenuation provided by going from £2.8 to f22 compared favorubly with the expected
factor of 64,

Appurently, the optical dome underwater has sufficiently perturbed the optlcal path
that the digphragm Is no longer located in the entrance pupil. The result {s that aperture
function is no longer predictable and will vary over the focal plane.

Fortunately, no quuntitative data were acquired with the aperture in the 22 posi-
tion, The only use of the stopped-down camera in the field was in muking sun shots with
the cumera above the water,

SPECTRAL BANDWIDTH

An interference filter is pluced behind the fisheye lens assembly to limit the spectral
bundwidth of the radiance scanner,

Spoctral churacteristics of this filter are shown in figure 5. Additionally, the filter
sidebund blocking is 10=4 or better from the ultraviolet to beyond | um in the near infrared.

The back locul length of the lons is greater than 40 millimeters while the maximum
radial point in the focal plune is 11 millimeters from the optic axis. Therefore, the maxi-
mum angle of incidence at the filter is of the order of 15 degrees. The wavelength character-
istic of the filter when used at 15 degrees will shift upproximately 65 A toward shorter
wavelengths, but the passband shape will be unchanged. This shift is less than the effective
filter bandwidth and will be inconsequential in viewing natural sunlight fields.

The filter bundwidth at half the peuk transmission is meusured at 93 A £3 A,

AN =934, (0N

RADIOMETRIC SENSITIVITY

To meusure the radiance scanner opticul response, the known flux density und ex-
perimental urrangement shown in figure 14 were used. The camera design resolution was
approximately 1 degree (17 millirndians), and since the light source subtense was 0.23
degree (4.5 milliradiuns), it effectively measured the peak response of the camera field, To
mechanize this technique, 4 modification of the Snapshot program was used to drive the




| B
H 5
i L)
b
f ! radiance scunner, This program sumpled camera response over a 60 X 60 X,Y array fora '

, { totul of 3600 data points. Spacing between clements of the array wus rcducc‘d to | digitul

; ! address for muximum resolution. The data were r‘ccordcdlon mugr‘\etic tape for later rgd uc-

? ‘ tion. A playback option in the program allowed for the display of the artuy, charucterized

by a single digit (0-9) for cach element, on the teletypewriter,

; Figure 23 is un isometric contour plot of the 60 X 60 array tor data point 32, This

o { solid has as its base arca the X,Y plune represented in digital deflection units und‘ us its x |
‘?‘5 i height the video response at cach c;orruspon(lling gddrcss. The volumoe V(X,Y) of this s‘olid ‘

l{ i represents the total camery response to the irradiance fron:s the Eust light source. The shape,

¥l | or distribution, of the volume describes the spatinl resolution of the radiince seanner. :

o } Limited though these data may be, they required considerable time and ofTort to {

§’[ ! acquire. The 14 digits of signal offset were discovered after the buasic radiometric response
wel data were obtained. Even if these measurements could be repoated, the camera alignment b
ég::" i has been disturbed by disussembly sutficiently to invalidate the results.

0 Subsequently it was determined that the data could be utilized by adding 14 to
3f ; cuch nonzero signal tevel, This introduces a small error since signal levels below 14 were
‘{: ‘ reported by the camera as zero sighals and these data points cannot be corrected as they i
B cannot be discerned from genuine zero-level signals, ‘ \.
;3{-) : The solid volume V(X,Y) of the camera response was computed for euch duty point .
t{i. 1 und the value of the peak signal response S(X.Y) recorded after adding 14-units to cach IR
" nonzero vahue, Additionully, the diameter of a right circular cylinder whose height Is equal !
fff ' to the peuk signal and whose volume is identically the camera response was caleulated. This | |
By dinmeter s reluted to the effective camera resolution. These values are presented in table ?;1 k
IR The data in the “corrected” columns are normalized to a flux input of 292 X 10~7 W/eme, !
. u gain setting ot 10 (2), und u signal dwell’setting of 0 turn, . 1

T !
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Figure 23. Data point 22 Isometric projection.
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Radiance scanner sensitivity is expected to be a function of zenith angle ¢ from equa-
tion 7. The solid volume and peak response numbers for each zenith angle data set were
examined, Data points 25 and 29 are obviously deficient and were not used. The stundard
deviations for euch dati set of peak signals and volumes arc disuppointingly large at 11%
to 23%.

The equivalent diameter d of cach data set was also examined. The results are
shown in table 9.

The diameter d datu show much less variance in general, and deviations in the peak
signal S and the volume V datu are correlated since

2.4
dr==s (18)

Inan attempt to explain the variance in the camera response data, the canister was
opened and the lens removed from the radiance scanner to measure the uniformity of the
photocathode surfuce, A speck of dirt on the face of the photocuthode of the imuge dissector
tube was immediately obvious, Closer inspection disclosed a number of smaller white parti-
cles, The presence of this contumination in the imuge plane could explain the poor re-
sponse logged for data points 25 and 29, Xylene and dry air were used to curefully clenn
the fuve of the tube,

A carcfully baffled light source vwas used to Hluminate the fuce of the tube through
4 522-nm filter of 10-nm bandwidth, The tlux density was monitored by a 0,38-mm-
diumeter opticul fiber probe connected to a UDT-21A power meter. Flux density over the
surfuce was uniform to £5%.

The camera was commanded to sample the photocathode response with 10 digital
units between sumples from =1800 < X,Y < 1790, Tho resulting 360 X 360 array mup of
the photocathode is compatible with the “look up™ tuble cupabilities of availuble computu-
tionul equipment,

Examination of this photocuthode uniformity data shows approximately a 3 to 1
chunge in responsivity over the useful areq, the lower response zonce lying generully in the
=X, +Y extremity of the field and the higher in the +X, =Y corner. This sensitivity surfice
appears reasonably uniform with the variations, better described us o “*wedge” or smooth
slope across the fuce of the tube.

TABLE 9. RESPONSE DIAMETER AND CORRESPONDING
FIELD OF VIEW (AVERAGED DATA).

Digital Fleld of View

I)_utu Diameter Std Meusured I Theorsticul

Set d Devn (%) (storadiun) AQ
0 dogree 19,76 221 X 107 198 X 107
29 degroes 19.86 1.71 8.6 2.16 X 104 1.80 X 107
45 dogroos 18.98 0.14 0.7 2.07 X 1074 1.78 % 10
61 degroos 19.47 0.4 2.1 224 X 104 1.64 X 1074
85 dogreos 2043 0.72 3.5 2.62 X 1074 126 X 107
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The uniformity array contains relative values of the photocathode response p ex-
pressed as 129 600 three<digit entries. The value of p(X,Y) for the nearest array element
can be taken from the array and used in normalizing the camera response. 1t appears feasi-
ble to develop an analytic expression for a surface which closely approximates the p(X,Y)
array values. In either upproach, the error is t.xpected to be less than £5%.

Values of p(X,Y) are shown in table 8 for eacir calibration data point, The signal §
and volume V values normalized to p(X,Y) = 600 by

S p(X.Y)

SXY) = 500G Gy

(19)

are shown in tuble 8.

These normalized values did not display significant improvements in the standard
deviations of the resulus us shown in table 10,

It is recommended, however, thut a photocathode uniformity factor be incorporated
in the duta reduction formule in view of the known varlutions which may affect the duta
more dramatically than the limited sumple of calibration points.

TABLE 10. PEAK SIGNAL AND VOLUME

(AVERAGED DATA).
Not Normalized Normulized to p=600
) Y B 2
29° 571 1.76 X 10° 561 1,74 X 109
std 632 0277 63.7 0.315
dev 1% 15.7% 1% 18%
45° 543 154 X 10° 583 1.65 X 10°
std 817 252 72.8 0.2
dev 18% 16% 12% 12%
61° 441 131 X103 481 1.42 X 10%
std 70.2 0.248 96 0.255
dev 16% 19% 20% 18%
85° 325 107 X 10° 358 1.17 X 103
std 60 0.248 79.3 0.26
dov 18.5% 23% 22% 2%
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The instuntancous field of view ot the rudiance scunner was calculated by using the
deflection sensitivity values developed for the empirical duflection equation and the equiva-
lent diumeters (in digital deflection units) of camera response. For present experimental o
purposes, the shape of the instuntancous field is not of primary importance, only the
solid ungle AL, )

Therefore, the polar and uzimuthal deflection sensitivities de/dr and d@/dx, tubles o b
3 und 4, were used to culeulate the incremental, or instantancous, field- shown in table 9. B

3 - -E-l-q-s -d—(:) ‘;
Aq =Tods dr dr (20) il
1.296 X 105 e

It muy be noted that the chunge in field with polar ungle follows the theoreticul function out
to 48 degrees und then reverses due undoubtodly to the eritical effect of the extra optical

y cloment, the dome, at lurge tield angles. . .
N AR for cach duta point iy presented in table 8, \
r;‘.:. 'n
4 RADIANCE CALIBRATION
I‘rom the duta developed, we muy now expross the sensitivity of the radiunce scan- : |
ner, 1t should be noted thut the volume V ol the signul solid Is the totul camera response oo
b to the input flux density, To culibrate for radiance mousuroments, this camera response is
i normalized to the instuntuncous ffeld of view AL, The tield has been shown (equation 20)
: as the product of a vonstunt and the square of the digital diumeter, d, or e
"‘i 4 '
;‘;‘ Cd== AR, Q1
.(I‘
F:'.
i;'\ Since the radlance seanner only measures directly the response 8, the quantity SAS is equiva- o '.
;{n; lent to V with the approprinte constunts, \
i, During the culibration procedure (fig 14) cumeru response was moeasured for cach '
{‘ duta point X, Y. for a given flux density H(X . Y ). The response of the camera S(X.. Y )
has been normalized and corrected lor cumera congitionra by N
_ [S(X0 Yo) + 141 p(Xo Y, ;
S(X Y 5 e bt (22) FE
600 G Gy ;
Calibration dutu were obtuined at u set of N calibration points X, Y, e= 1.2, N
where N consists of 32 uselud duta points. ;
The scnsltivity,of the radlance scanner can be charucterized by a unit spectral b
radiunce ANy (W em™ a=t ATy lgll“') defined in calibration by the set of N equations 5 i
N

HIXL YY)
= . 23)
S(X o Yo) A8 (X Y ) AN H

i ANy =

==
RS R R L




The value of ANy from each data point is shown in the last column of table 8.
Table 11 lists the average values for each ungle data set.

These averaged values are plotted in figure 24, Also shown in figure 24 are two
lineur relutionships, joined at @ = 45 degrees, which together fit the table 11 values to with-
in £2%, except for @ = 0. This suggests a convenient analytic approach by letting

ANy =2.68 X 1078, r? < 898704
i [ 11,06 (24)
ANy =268 X 107842 X 1070 ( T -d5) 12 < 808704,

To determine the spectral rudjunce value Ny (X,Y) associated with a camera response
of §(X,Y) muusured with u camera gain of G (from table 6) und a dwell gain of G4 (from
table 7 or equation | 6), first normulize the output by

Ty vy o LSOXY) + 14] p(X.Y)

whers p(X,Y) is the photocathode urray element nearest XY,
Next caleulute

12 = (X =722 + (Y +204)2. (26)
Finally obtuin the spectral rudiance by using the expression

Ny (X.Y7 = ANy (1) S(X.Y). (27)

Duting the period before tho experiment, u culibration was petformed which may be
usefu! in calibrating sky scene radiance with the radiunce scanner ubove water,

The procedure outlined above using equations 25 through 27 may be used with the
foliowing values for ANy :

ANy =3.68 X 1078, t2 1.5 % 106
) (24"
8 12 2> 1.5 %100
ANy =3.68 X 10781 +0.74 ______.] ; - :
1.5 X 100
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TABLE 11, UNIT SPLCTRAL RADIANCE FACTOR,
Wem=2 sl A digit~!

Datu sul

Set AN)\ Devn 4.
0° 2403 X 1078
29° 2,649 X 10-8 0.474 X 1078 179
45° 2,032 X 1078 0.303 X 108 1.5
o0° 3.016 X 1078 0.667 X 1078 2.1
85° 3.494 X 10°8 0711 X108 20,3

40
.

=

9

Q
- 30 Any 288 x 10
et —o~
- ] ANy~ 268 % 10° + 2 X 10719 (¢p.45)

&
N

& 20 P~

(3]

z
%

x -

o 1.0

4

“

o | ! | | | | L 1
0 10 20 30 40 B0 60 10 80 90

ZENITH ANGLE ¢, DEGREES

Figure 24. ANy valuos,
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CALIBRATION ACCURACY

The uncertainty in the spectral radiance factor, from table 11, is approximately
+20% based on observed variations in the calibration data. These variations are not com-
pletely explainable from consideration of the uncertainties associated with the procedure.

Random variutions may arise from several sources. The first of these is the source
seometry shown in figure 14 where the radiunt flux F at the camera aperture is determined
busicully by measurement of a flux value Fo, outside the window at a runge R’ from the
source. The entrance pupil is assumed at some effective range R. The ranges R’ and R can
vary together between measurements by £1/2 c¢m.

Use R'= 130 cm. R = 150 ¢m, dR' = dR = 1.0 ecm.

L [ R\

=k, ('E) . (28)

dF =2 Foy RdR -1R dR . (29)
R-

und

d_!" . RdR "RLlR =0.12% . (30)
R—

Another source ¢f random error occurs during the date scan. By referring to figure
23 it can be seen that the base of the solid volume neurly fills the 60 X 60 arryy. On some
data points, a portion of the volume falls outside the array and was not recorded. This error

will show up in the determination of d€2, since the volume and not the peak signal is affected.

Referring 1o tabyle 9. we con average the standurd deviations to find

dV

—_— =37

v (30
and

GRS TEAA T v {32)

Q \Y%

Other random variations can ocerr due (o the experiniental setup and the small
aperture ol the cameri, such us water drops, window impertections, and particles in the
water. Because of the possibility that waterborie materials might obscure the aperture, at
least three complete scans were minde ot cach data point. ‘The variation between these
scins is typically on the order of 0147 indicating good reproducibility. The most signifi-
cunt variable must be the distribution of the small specs of contaminant found on the
photocailode,

Systematic variations, as opposed (o random variations, can enter from several
sources. The most obvious source of systematic error is the calibration standard used
throughoul these meusurements, the UDT-2EA irradiznee meter, serial 70086, This




o
. ¥

-
M|
L
1" \
oo

|
|

instrument was delivered with o 257 calibration aceuraey claimed by the manufucturer,

To test the meter at the wavelengths used here, a spectral irradiance standard as described by
Stair was used. ! 2 Commercial units mude by Electro-Optics Associntes models L1011 and
PLOT were ciiployed. which provide a £5% ubsolute spectral irradiance. The filter was care-
fully measured wnd reinstulled in the UDT-21A meter. Response of the UDT-2TA with the
expected value from the calibration stundard was 2.1 high, 1t is concluded that the UDT-
2T A was within its specified 2304 absolute aecuriey,

Another systematic error could arise due to thermal effects in the camera during

culibration. In the closed canister without the efficient ¢ooling provided by the ocean, the

camerd can be expected o operate at higher temperatures, with the temperature increasing
with operating time, Examination of the dala does now sliow etfects related to the period
of time the camera had been operating,

The last systemutic error to be considered is due to the 14-bit offset found in the
data after calibration data taking had been completed. These 14 bits, to the extent that
they cunnot be correeted, attect the center of gravity of the solid volume, ligure 23, The
last volume is o triangu'orly shaped cross-sectional ring around the base of the solid. For
the solid in figure 23, thut perimeter has o length of ubout 120 deflection units. The half-
hieight of the cross section is seven dl%lhll units, 1 the missing ring is 10 deflection units
wide, then a volume of about 8 X 102 is missing, The measured volume of” lata point 32
is 1.34 X 10%; the missing volume would add 6,34, The effect on the ficld of view would
be an increuse ol 3.1,

In summuty, an uncertainty of 209 in the absolute calibration of the radiunce sean-
ner must be assumed, although this variation cannot be explained from known variutions
in the procedure,

In future work, if the unknown source of photocathode contumination can be
climinated and the photocuthode kept clean, the calibration uncertainty cun be limited to

[(0I‘)“+(/4) +(5)‘+(?|)]/"’-' 9.5%. 3D

A tield calibration fixture to perform periodic calibrations in the tield would be ¢
desirgble development. Such a fisture was used by Smith with the radiance camera® and
can increase confidence in experimental results,

12, Stair, Roet ol A New Standard of Spectral liradiance.”™ Appl Opties 2 1151 (1963)

* Smith, RC, private communication, 23 October 1974
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SECTION 3
AIRCRAFT RECEIVER SYSTEM

INTRODUCTION

The Aircraft Receiver System was designed and built to measure the
radiance distribution profile emanating from the OPSATCOM Field Test
Laser which was operated underwater at required depths. Measurements
were made while the recejver passed overhead in its aircraft platform
and tracked the laser. Acquisition of signal and initiation of track
were performed by the receiver operator pointing the receiver while
viewing the area of interest through the receiver's optical system see
Fig. 1. After acquisition of signal the receiver automatically tracked
the laser signal and recorded on magnetic tape the signal intensity, and
the receiver's pitch and roll angles. From these data and the calibra-
tion constants of the Aircraft Receiver System one can plot the desired
distribution profiles (cuts). Changing laser depth and repeating the
above procedure yields a family of profiles as a function of depth,.

SYSTEM CONFIGURATION

A simplified system diagram 11lustrating the signal flow from optical
input to digital tape recorded output is shown in Figure 2. Table 1
provides a brief description of each of the numbered items.

The svstem was configured to fit into a Consolidated PBY-5A amphib-
ian flying boat. Figure 3 shows the platform. Figure 4 shows the
installation. The APU was mounted in the blister compartment in order
to reduce audible noise and exhaust gas effects on personnel. A1l other
parts of the system were mounted in Compartment 2. Figure 5 shows the
platform layout. The "front view" of Figure 5 shows the receiver operator
in position viewing the diffuse screen and controlling the sensor assembly
field of view with the pitch-roll joystick. Figure 6 shows the panel lay-
out of Console 1, Figure 7 shows Console 2. The Midwestern analog recorder
and the Tektronix R2601 units were used briefly during hardware checkout,
but were not used during the data acquisition portion of the program.
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Table 1.
Item
1. Roll Mirror
Objective Lens !

. Dichroic Mirror

2
3

2 4. Neutral Density Attenuating Filter
5. Spectral Filter

6. Quadrant Detector

7. Transimpedance Amplifier

8. Peak and Hold for Quadrant 1

9. Summing Unit for The 4 Peak and Holds
10. Signal Strength Fanel Meter

i il amncaia

| 11. Manual Gain Control Switch Unit

12, Signal Multiplexer

13. Analog to Digital Converter

e i .

14, Signal Recorder, Magnetic Tape Unit L

15, Auxiliary Power Unit, Prime Power Source

16. Power Distribution Panel
17. Power Supply Complement.
18, Diffuse Viewing Screen

3 g
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The Consolidated PBY-5A Flying Boat.

Figure 3.

3-5



S

LA

s

o ST
T 2oy i

EGTE

e M L

SIS TR

-

“‘ e ' o ' .I.. ‘ . .:‘.‘ ".i- . L b :.ql" :
e . . o PANCL IR .
R LA TR INTS S ST YRR, o)
. vt 3 ﬂ_h-. ;’\. D . o 7 < —-— , . I,p”“‘
. CEIPER "'}"' R !'., L Moy b,
P R LIRS <

S SR L SN

Figure 4. A/C Receiver Installed in PBY.




B e R L o T eyym————

‘¥G-Agd ui uorledo] jusudinbl <we)sAS J/y g 3unbig

IONVH DNV T10H
08/
Sy
o8 M3IA 3AIS M3IIA INOUL

i ,_\

po——— T INSWH1LHVIWO] ——a]

B

oL NI8VD
dv S.10d
Woy3
318vD Zz
AN )}
2z | 2
ST TOSNOD M
geor Mw\h...\.” PRV uhﬁmﬁw‘(mghwrrkyﬁﬁ..lh.fniu\...zt 1.,.1.LPF~F‘),.1I.ETF. TS




et 20.5/16 OVERA LL WI DTH st
; 3172 DATATRON MODEL 3360 CLOCK ‘
: |
r: |
.‘"“‘ |
tl I !
3 : |
3 6-3/4 DATA ENTRY & INTERFACE &
Eu- LOGIC, A/D & MULTIPLEXER o v
‘.|' - !
i -l '
< 1
f; . & i
Flv 8 |
: :
; &
E‘ | E |
i l i
.
i 12 PEC DIGITAL RECORDER
‘ :
! 68.1/2
_ = 19 - )
, DEPTH OF :
. ERAME = 17-1/8" .
k v ;
B . SYNCH RECEIVER S
DE) RGVRA,, TR-711 'y
:
1
]
¢
!
Cd
OPEN SPACGE C
2 |
|
1
1 ‘
1
N

Figure 6. A/C System Console 1.
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SYSTEM DESCRIPTION .

A simplified diagram showing signal flow from optical input to
digital output recorded on magnetic tape was previously cited as
Figure 2. A more detailed diagram is shown in Figure 8.

Laser optical radiation passes through the entrance window of the
sensor assembly, is reflected by the roll mirror, collected by the 6-inch
objective Tens and imaged in its focal plane on the quadrant photodiode. P
Some spectral prefiltering is effected by the beagsplitting dichroic S
mirror. Spectral pass band filtering at 5200+50 A is done by the spectral I
filter mounted in front of the quadrant detector; Figure 9 shows the L
resultant filter. The visual field of view (approx. 15°) is imaged on
the 5-inch diameter diffuse viewing screen; the center 1 inch of the
viewing screen 1s minus green in spectral content due to the color
separation function of the dichroic mirror.

The synchronizing signal receiver shown in Figure 8 receives an FM
carrier frequency at 227.7 MHz transmitted from the laser control elec-
tronics. This 227.7 MHz carrier is modulated at a 20 Hz rate by the laser
trigger pulse. After demodulation by the synch receiver and sharpening
by a pulse shaping circuit the synch pulse 1s utilized to enable the
"hold" function of the peak and hold circuitry (see Figure 10). Also
shown in Figure 10 are the time relationships between the 20 Hz clock
source (at the laser control console), the laser pulse and the record
command "sync to recorder" which enables the record function at the
required 20 Hz rate,

During track the laser optical signal is equally distributed on the
four detector quadrants. Each quadrant's output is amplified and buffered
by a transimpedance amplifier (Item 7, Figure 2) and applied to a peak
and hold amplifier (P+H) as shown in Figure 8. The outputs of the four
P&H units are summed and connected to a multiplexer, then to an analog to
digital converter, and then finally to the magnetic tape digital recorder
for storage. The summer output is also displayed on a panel meter indi-
cator. If the summed signal exceeds the 10 V full scale of the meter (and
of the PEC recorder), the operator must reduce amplifier gains by adjusting
the gain switch on the manual gain control unit (MGC).

The Datatron clock shown in Figure 8 provides time of day information
to the recorder to be stored on command at the 20 Hz rate. This data is
shown in the left column set of Figure 11, a typical section of the mag-
netic tape data record printout. Table 2 provides a legend for the data .
printout format. C

The tracking capability of the Aircraft Receiver System is effected o
by moving the roll mirror such that the source image 1s positioned ? ;
symmetrically on the quadrant detector and held there as long as the |
source 1s within the data field of view. The outputs of opposite quad- .
rants of the detector, at the peak and hold outputs are applied to a B .
difference amplifier (see Figure 12). An imbalance generates an error = } R
signal which is amplified and applied to one of the servo motors to drive B
the error signal to zero. Both the pitch and roll axes are controlled in

3-10
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Table 2.
Legend: Magnetic Tape Output Format

COLUMNS 1 - 11 Time in hours, minutes, seconds and hundredths of
seconds.

SWITCHES 12 + 6 Binary pass number manually set by operator. Least
significant bit in 12 column, most significant bit in 6 column.

SWITCH 5 A zero in this column indicates an attenuating filter in
thef?$§ector optics of N.D. = 2 (1% transmission) a true (1? indicates
no er.

SWITCH 4 A zero in this column indicates an attenuating filter in
thef$$tecfor optics of N.D. = 1 (10% transmission) a true (1) indicates
no ter.

SWITCH 3 When this entry is 0 the system is in the operate mode. A
true or 1 in this column indicates internal calibration of the system.

SWITCH 2 If the receiver is operating within its dynamic range this
column will be true, show a 1.

SWITCH 1 When the sum signal (see below) is sufficient to sustain
automatic tracking, this column indicates a 0 digit. During low signal
condl}ions this bit goes true indicating that the receiver cannot be
tracking.

CH 1 The numerical eatry in CH 1 1is proportional to the summation
of the optical signal on 2ach of the four quadrants. The correspondence
of this numerical value to the signal strength meter reading on the control
panel 1s 0 to -9.999 is 0 to 99.99 meter deflection where a mete. deflec-
tion of 100 1s full scale.

CH 2 Entries in this column will assume one of three nominal values,
+5, 0, or -5, A -5 indicates that the receiver sensitivity is on range 1,
the most sensitive scale. A value near 0 indicates the receiver sensi-
tivity is on range 2. The least sensitive position, +5, was not used.

CH 3 Indicates a voltage proportional to the pitch angle of the
receiver. A zero reading indicates that the receiver pitch axis was
oriented vertically downward. Positive entries indicate the pitch axis
of the receiver was pointed forward along the aircraft flight path, while
negative entries indicate an aft orientation.

CH 4 Indicates a voltage proportional to the receiver roll angle. A
zero reading is obtained when the receiver roll axis is oriented nominally
vertically downward. Positive entries indicate the receiver roll axis
deflected toward the port side of the aircraft while negative entries
indicate a starboard deflection.

CH 5 and CH 6 not used.
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this manner. The roll axis correction is done by driving the roll
mirror directly. The pitch axis correction is effected by turning the
entire sensor assembly housing on its support ball bearings. As indi-
cated in Figure 12 the spot imaged nn the quadrant detector is de-
focused, that is, the plane of the quadrant detector was positioned
somewhat beyond the focal point of the objective lens. This was inten-
tionally done to optimize the response of the tracking system and to
reduce the maximum power density at the photodector.

SYSTEM SPECIFICATIONS

The following tabulation describes the operational characteristics
of the Afrcraft Receiver System:
Sensor Assembly

sensitivity (10% of full scale)  4.7x10°% W M2

F/# 3

Lens Diameter 6" o

Spectral Bandpass 5240+38 A

Data FOV 1.4° (25 mr)

Visual FOV 15°

Allowable Ro11 Angle +22,5°

Allowable Pitch Angle +90°
Detector-Preamplifier

Detector EG4G SGD-444-4

Preamplifier Optical Electronics Inc. 9730

Combination Bandwidth D.C. to 2.5 MHz
Tracking System

Deadband < t.14° (E.S mr)

Rol11 Rate Correction > 5° Sec”

Pitch Rate Correction > §° Sec"l1

Joy Stick Slew Rate (both axes) > 15° Sec”
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CALIBRATION

The aircraft receiver produces a voltage at its output in response
to the received optical power density. The determination of this response
in absolute irradiance units is the purpose of this calibration.

The approach taken is to first establish a single absolute irradiance
response value. Next, a curve is plotted depicting the receiver's
response at the maximum gain setting. The absolute irradiance value then
becomes a point on this calibration chart relating all the remaining
points in absolute terms.

The aircraft receiver and the field experiment dye laser form a
source-detector pair in the field, hence the dye laser is a natural
choice for the optical calibration source. As shown in fig 13, the laser
beam is injected into an integrating sphere transforming the beam into a
Lambertian source which at a "large" distance approaches a point source.
The minimum distance required for this condition to be satisfied to an
accuracy of 1% is one hundred times (100X) the radius of the sphere's
exit aperture, or 6.25 feet.

To establish an absolute irradiance response value it is necessary
to fix a value of incident irradiance at the receiver (Hp). However,
direct measurement with available laboratory equipment (EG&G 480 spec-
troradioneter) is not possible in most cases due to insufficient sensi-
tivity of the spectroradiometer. Since the calibration source has been
configured to provide a point source, the emerging power density (H)

LASER
AIRCRAET
RECEIVER EGaG INTEGRATING
[ 1“""”' SPHERE
H
| ,l‘ R —I

RADIOMETER

e | ———aar ]

Figure 13, Aircraft Receiver Calibration.
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obeys an inverse square law. Thus, we may measure irradiance directly

at a point closer to the source (H,) where values exist within the
spectroradiometer's range. The inverse square law is then used to compute
incident irradiance at the receiver (fig 13).

Having thus found a value for HR, the resulting voltage at the out-
put of the receiver is plotted. The remainder of the response data is
obtained by attenuating the incident irradiance in known increments with
neutral density filters.

ABSOLUTE IRRADIANCE

Referring again to fig 11, the EG&G 480 was located 9.77 feet from
the integrating sphere while the aircraft receiver was located 98 feet
from the sphere. The calibration was conducted in a long windowless
hallway and the apparatus baffled to control extraneous light.

During the course of the calibration, periodic measurements of the
source's flux density were taken with no detectable variation indicating
the pulse-to-pulse variation in the laser did not exceed the 10% absolute
accuracy of the spectroradiometer. The measured value of the {rradiance
at the monitor (H,) was 2.42x10-4 W.cm=2, This yields an irradiance at
the receiver (Hp) of

2
2.42x10"% W-cm~? [%31%] - 2.4x10°8 Y-cn2

The error inherent in this measurement arises primarily from pulse-
to-pulse variation in the laser and the accuracy of the EG&G 480. Both
are specified at +10%. A third component of this error budget is intro-
duced in the output voltage measurement. This is oscilloscope reading
errvor generally accepted at £5%. The fourth component of error arises
from the transmittance accuracy of the neutral density attenuator (:5%).
Taking the rms value of these four error contributions yields an overall
accuracy of

% accuracy = [(10)% + (10)% + (5)2 + (5)27% = 163 .

Data was taken with the recejver in the Hi Gain position (Range 1)
and the 1.0% (Density 2.0) transmission Attenuator filter in the optical
path. The measurement was repeated twice with the following results:

Irrad. at Receiver Meter
Measurement Receiver Qutput Read1ing Noise
1 2.4x10°8%-cm™% 4.8 volts 48 4
2 2.4x1078 4.8 volts 48 4

The noise reading of 4 was observed with the receiver's objective
lens occluded. From previous successful attempts to minimize this noise
it was found to be due primarily to electrical coupling between cabling
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and circuit components. Insertion of extra shielding and some cable
) , rerouting was done in the time available. This reduced the noise but
" did not entirely eliminate its effects.

i Interpreting the noise reading as a 4% of full scale uncertainty,

3 i the value for full scale sensitivity for range 1 is found to be
E:] - 2.4x10'62é0"2x102 - 5x10-8ucn-2 -
E  X with an accuracy of +(16+4) = x20%. i! i
?i { | Fig 14 shows the calibration characteristic, s
Pa Similarly for range 2 the following was measured: .
: @ ' Irrad. at Receiver Meter |
F Measurement Receiver Output Reading Noise 'i
E‘ 1 2.4x107%cn™2 4.2 volts 42 4 :
% 2 2.4x10°%en™% 4.2 volts 42 4
1 3 2,400 %% 3.9 volts 39 3.5 ]
? Then for range 2 X “
. 6,102 e
F.s. = 280 X0 . g5 gx10-Fycn? a
Eﬁ ' with an accuracy of (15 + 4) = x19%, y ?
’ Figure 15 shows the ¢ ..pration characteristic. l: ]

PITCH AND ROLL CALIBRATION:

In both the pitch and roll axes a precision potentiometer was coupled
to the respective axis and an output voltage proportional to angle was
recorded on the magnetic tape at a 20 Hz rate. The pitch pot is a
Beckman SA 3845 unit, 10 turns, with a +0,25% linearity; its resistance
is 1.0 K ohm. The measured vo}tage at 0° was less than the least count
of the recording system, 5x107°V. The roll pot is a PIC DA-43 unit of .
+1.0% linearity and_a resistance of 2.0 K ohms. Measured voltage at 0° :
was less than 5x10-3V, ‘]

\

The voltages applied to both pot circuits are regulated to £0.25%, !
hence the accuracy of the pitch and voll voltage to the A/C System Py
recorder is better than x1.25%. Figure 16 shows the pitch pot calibra- ]
tion, figure 17 the roll pot calibration.
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SECTION 4
F(6) RECEIVER

INTRODUCTION

' A multiple scattering medium, such as ocean water, is characterized by the volume
scattering function F(6) defined as the secondary radiation pattern created by a plane wave
traversing a volume sufficiently small that only single scattering occurs., The validity of the
link models, ref (1), rests on the scattering model assumed which relates the radiance in the

}, field of a submerged light source as a function of range to the light source, distance off axis,
i , water scattering properties and other optical parameters of the medium and the source itsslf.
" The need for quantitative information concerning F{?) and the underlying assumption in the

model provided the design impetus for this instrument, named for the relation it measures,
) The F(6) receiver is an underwater synchronous, optical pulse amplitude reading,
radiometer. It is positioned relative to the optical axis of a pulsed dye laser, either on axis
or at some angle relative to that axis and measures that component of the initially collimated
laser output that is scattered into the receiver’s field of view.

Some of the equipment’s features and specifications are shown in table 1.

Ref (1) Karp, 8., “Optical Communications Between Underwater and Above Surface (Satellite) Terminals,”
IEEE Trans on Comm, COM-24, 66-81 (1976)

TABLE |
Apertute 3" diameter, f/1.3
Field of view 46 milliradians (in water)
Minimum detectuable sighal 3.5 % 10-10 w/cm2
Maximum detectable signal 7% 1073 w/c1112
(attenuator in optical path)
Optical bandwidth 100 A centered at 5240 A
Detector RCA PF1023 2" diameter, 10 stage
photomultiplier
Detector clectrical bandwidth '0 MHz
Output 0-10 V pulse to oscilloscope

0~10 Vdc time averaged peak value to
DVM
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SYSTEM DESCRIPTION

The F(@) receiver shown in figure [ is composed of two major subsystems, the sensor
assembly and the receiver-control panel. They are connected by 150 feet of multiconductor
underwater cable. Since both of these subsystems are discussed in detail later in this report,
the focus here is on their functions as a unait.

Signal flow and major components are shown in the block diagram in figure 2,
Incident light pulses of 75 usec width from the experimentai dye laser pass through a spectral
filter at a rate of 20 per second and arc brought to 4 focus on the faceplite of a photomulti-
plier by a f/1.3, 3-inch-diameter objective lens, A neutral density filter is normally in the
optical path immediately preceding the photomultiplier to prevent tube damage and to pro-
vide over-range protection. This filter, which has a transmission of 0.1% (density 3), may be
switched out of the optical path remotely via the filter position control unit located on the
recejver-control panel.

From the photomultiplier, the output pulse passes through a line driver that feeds the
shielded coaxial cable connecting the sensor assembly and she receiver control panel. From
out of the cable, the pulse is amplified and supplied to an oscilloscope for direct measurement
of the instantuneous pulse umplitude.

The same slgnal available to the scope is routed to the sumple-and-hold circuit which
outputs a4 DC voltage proportional to the instantaneous peak value of the input. Following the
sample-and-hold, a stutistical averaging circuit smooths the pulse-to-pulse fluctuations for
monitoring by a digital voltmeter.

To enhance the signal-to-noise ratio, a clock pulse ig initiated in the laser circuitry
whose leading edge is synchronized with the transmission of the dye laser pulse. The receiver
is thus informed as to the location of u possible pulse prior to its arrival. Thus, with the proper
delay, the receiver may be switched into the sumple mode in time to receive u signal which is
optimum relative to the «..bient noise. The clock output is also used as a scope syne for view-
ing the output of the video amp.

SENSOR ASSEMBLY

As mentioned in the previous section, the F(0) receiver consists of two major subassem-
blies, the sensor and the recciver-control. The sensor assembly is, itself, divided into the sensor
head and positioning carriage subassemblies.

POSITIONING CARRIAGE SUBASSEMBLY (PCS)

This device shown in figure 3 supports the sensor head underwater and allows it to be
positioned relative to the vertically directed beam of the submerged dye luser. The carriage is
4 3 foot long scction of 7 inch steel channel to which nylon rollers ure attached via stainless
steel shafts. The truck upon which the carriage rides is a 60 foot Jength of 6 X 6 inches wide
flange steel H beam. One end of the beam is located directly over the laser so the receiver may
be positioned directly on axis or up to 60 feet oft uxis.

The sensor head is suspended bencauth the track underwater and can be rotuted £80°
from the vertical in 5% increments. A large protractor is fustened to the carriage in order to
mdicate the sensor’s pointing angle and to provide a convenient clamping mechanism to secure
the sensor once it is pointed.

Figure 4 shows the PCS instullation.
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A SENSOR HEAD SUBASSEMBLY (SHS)

) ' The SHS, shown removed from its waterproof canister in figure 5, consists of the
collection optics, the photomultiplier assembly, a remote control filter actuator, and a
z’ , reference light source for system self-check and adjustment.
! Light incident on the SHS passes through the canister faceplate and strikes, in turn, o
7 B a narrowband (100 A) interference filter, a 3-inch-diameter, f/1.3 objective lens, a removable : ;
: l N.D. filter, a field stop, and the photomultiplier. The photomultiplier is part of an integrated :
L photodetection unit (RCA PF 1023) which contains a 10-stage photomultiplier tube, high .
‘ voltage power supply, and output pulse amplifier in a single, ruggedized, sealed package. The P
R tube's gain is varied by an external potentiometer and the required input power is £12 Vdc, :
thus removing the need to supply high voltage through a considerable length of cable under-
. water. The photocathode is an ERMA II which has a peak response at 5000 A.
| Insertion or removal of the neutral density filter (attenuator) from the optical path is
accomplished by rotating the filter holder as shown in figure 6. Space requirements precluded
the conventional motor-driven filter wheel normally used for this purpose. Instead, a linear
; actuator of the type used in radio-control model airplanes was adapted to position the filter,
. A 5-volt pulse initiated by the operator at the control panel drives the actuator to either
b extreme. Limit switches at the position extremes light LED position indicators on the control
: | panel so that the filter status (i.e., in or out) is available to the operator,
. Also located in the SHS is the reference source, an LED which is activated and pulsed
from the control panel, This feature permits a known amount of pulsed radiation to be
received by the instrument for checking system gain and verifying general system performance
when the sensor is underwater or otherwise inaccessible.

Construction of the SHS is simple and rugged, consisting of four Micarda discs, fastened
together with three 1/4-20 threaded rods. This sssembly is press fit into a cast aluminum under-
water strobe canister which is penetrated by u packing gland for pussage of the multiconductor
interconnection cable. The cable contains ten No. 22 AWG conductors and two 75 ohm
shielded coax for signal. The entire assembly is 20 inches long, 9-1/2 inches in diameter and
weighs approximately 35 pounds.

RECEIVER-CONTROL PANEL

This unit contains the synchronous receiver circuits, the instrument control electrcnics
and system power supplies. All routine commands to the sensor assembly originate here, as
well as the monitoring of all phases of the F(8) experiment operation.

SYNC RECEIVER

Operation of the synchronous receiver is initinted by a signal generated in the dye luser
control electronics, indicating the laser is about to be fired. This signal triggers 4 monostable
multivibrator whose time constant is approximately 5 microseconds. This delay pulse sllows
the luser pulse to be senscd by the photomultiplier, sent up the cuble, and amplified by the
video pulse amplifier before the receiver is gated on. The trailing edge of the delay pulse fires
a second monostable which generates an 11 microsecond “sample” pulse. This pulse switches
a.01-mfd capacitor into the output of an operational amplifier driven by the peak value of
the recelved laser pulse. The capacitor-op amp combination is in the sample-and-hold circuit
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whose output is switched to the integration amplifier by the trailing edge of the sample
pulse. The integration amp has a long time constant (5 seconds), enabling the average of
approximately 100 laser pulse peaks to drive a meter movement on the panel or a digital
voltmeter.

CONTROL FUNCTIONS

The functions controlled by the Receiver-Control Panel include photomultiplier gain
and input power, attenuator filter position and the calibration LED.

The photomultiplier is powered by positive and negative 12 volts. According to RCA,
these voltages must be applied simultaneously or possibly damage to the unit may occur.
Accordingly, a voltage sensor/protection circuit employing an “‘and”’ gate and a capacitive
delay assures that both voltages are present for at least 3 seconds before application to the
photomultiplier via relay. If either supply fuils, the output of the “and” gate will be insuffi-
clent to keep the relay energized and power will b2 removed from the detector.

A feature of the photomultiplier assembly is its remote gain programming capability.
A lead is brought out of the assembly and connected to ground through a resistor in the range
0 to 10K with the gain inversely proportional to the resistance. In the receiver-control pane!
this lead is connected to one of three (lo, med, hi) resistors viu the GAIN SELECT switch.

As indicated in the description of the sensor assembly, the filter position assembly is
controlled from the filtor position control unit in the receiver control panel. The control unit
supplies power (4.4 Vdc) to the filter actuator as well as a 5-volt, 2-millisecond pulse that drives
the actuator from one extreme to the other. Also included in the filter position control unit.
ars the status indicators that inform the operator whether the filter is in or out of the optical
path. These indicators are LEDs connected to micro switches located at the extremes of the
filter holder’s truvel,

The final control function perforined at the receiver-control panel is the operation of
the internal calibration and self-check LED located in the sensor head. By switching into the
calibrate mode, power (+5 Vdc) is applied to the LED driver circult and to the “clock salect”
relay (+15 Vdc). The LED driver consists of free-running oscillator operating at 3 KHz, a
monostable multivibrator and several voltage followers. The oscillator sets the pulse repeti-
tion rate and provides the sync for the receiver through the “clock select™ relay. Pulse width
is determined by the monostable multivibrator and is set at 1 microsecond to simulate the
laser pulse. To further enhiance the simulation of the laser pulse, the monostable outnut is
routed to a voltuge follower which provides a gaussian pulse shape at its output, This pulse
becomes the driver for the calibration LED whose output is detected by the photomultiplier
und fed back into the receiver for operator monitoring.

CALIBRATION

The F(0) receiver produces a voltage at its output in response to the received optical
power density which in turn can be related to source radiance. The determination of this
response in absolute radiance and irradiance units is the purpose of this calibration.

The approach taken in this work is to first estublish a single absolute irradiance
rosponse value. Next, u family of curves is plotted depicting the receiver’s response at all gain
settings. The absolute irradiance value then becomes a point on this calibration chart relating
all the remaining points in absolute terms. Finally, from data developed in the calibration the
absolute radiance is calculuted and entered on the calibration chart.
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Since the F(0) receiver and the field experiment dye laser form a source-detector
pair in the field, the dye laser is a natural choice for the optical calibration source. As shown
in figure 7, the laser beam is injected into an integrating sphere transforming the beam into a
Lambertian source which at a ““large” distance approaches a point source. The minimum
distance required for this condition to be satisfied is taken to be one hundred times (100X)
the radius of the integrating aperture, or 6-1/4 feet.

To establish an absolute irradiance response value it is necessary to fix a value of
incident irradiance at the receiver (HR). However, direct measurement with available
laboratory equipment (EG&G 480 spectroradiometer) is not possible in most cases due to
insufficient sensitivity of the spectroradiometer. Since the calibration source has been ¢on-
figured to provide a point source, the emerging power density (H) obeys an inverse square law.
Thus, we may measure irradiance directly at a point closer to the source (Hy) where values
exist within the spectroradiometer’s range. The inverse square fall-off is then exploited to
compute incident irradiance at the receiver,

Having thus found a value for HR, the resulting voltage at the output of the receiver is
plotted. The remainder of the response data is obtained by atteriuating the incident irradiance
in known increments with neutral density filters. This procedure is repeated for each gain
setting.

Assuming & point source, the radiation of that source can be computed by dividing the
irradiance received by the acceptance solid angle of the receiver. The computation of this
scale on the calibration chart, figures 8a and 8b, completes the calibration.

ABSOLUTE IRRADIANCE

Referring again to figure 7, the EG&G 480 was located 9.77 feet from the sphere. The
calibration was conducted in a long windowless hallway and the apparatus baffled to control

extraneous light.
During the course of the calibration, periodic measurements of the source’s flux

density were taken with no detectable variation indicating the pulse-to-pulse variation in the
laser did not exceed the 10% absolute accuracy of the spectroradiometer. The measured value
of the irradiance at the receiver (HR) was

242 X 1074 Wem™2 [gg-g] 2 2ax 10~6W-cm™2 (1
The uncertainty inherent in this measurement arises primarily from pulse-to-pulse

variation in the laser and the accuracy of the EG&G 480. Both are specified at £10%. The

third component of this error budget is introduced in the output voltage measurement. This

is the uncertainty in reading the oscilloscops, generally accepted at £5%. Taking the rms value

of these three contributions yields an overall uncertainty of

[(10)2+(10)2+(5)2]1/2= £15% 2)
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Data was taken with the receiver in the Lo Gain position and the 0.1% (Density 5.0)
transmission Attenuator filter out of .he optical path. The measurement was repeated twice

with the following results:

Irrad. at receiver

receiver output

accuracy

2.4 X 1076 W-cm=2

RECEIVER RESPONSE

4 volts

+15%

The dynamic response of the F(8) receiver was investigated by allowing successively
weaker irradiance values to illuminate the receiver and charting the resulting output voltages.
Data was taken on several gain settings for the same irradiance wherever possible.

The irradiance was controlled by inserting neutral density (attenuating) filters in the
optical path near the source. The data was normulized to a receiver output of 4 volts and

displayed in table 2,

TABLE 2. F(0) RECEIVER DYNAMIC RESPONSE

Filter Output Voltage
Density Rel. Irrad. Irrad. Lo Gain Mod Gain Hi Gain
1.0 2.4 X 10-6W-cm=~2 4 volts
3 0.5 1.2 X 10-6 2.5

1.0 0.1 2.4 X 10~7 0.7 4
1.3 5 %102 1.2 X 10~7 0.4 2
2.0 1 X102 2.4 X 10-8 0.12 0.6 10
2.3 5 X 103 1.2 X 10-8 0.3 4.4
3.0 1 X 10-3 2.4 X 10-9 0.74
33 5% 104 1.2 X 109 04

Density 3 Attenuator filter out

When the donsity 3 Attenuator noted above is rotated to the in position, all irradiance
values are multipled by 103. This situation is shown in figures 9a and 9b,

FIELD OF VIEW

The F(0) receiver contains a circular fisld stop located immediately in front of the
multiplier phototube that determines the field of view of the instrument. If the field stop has
diumeter d and the receiver a focal length f, the FOV in air is given by

FOV = d/f =.14/4,0 = ,035 = 35 milliradians
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‘ , In water, the FOV is modified by the water’s index of refraction or 1.33 the value of
¢ air. Thus, in water we have
L FOV,yater = 1-33 (35 mr) = 46 mr 4)
3 y
{ ; In both cases, the FOV is circular. ! [
E ': & ABSOLUTE RADIANCE ¥
N ‘ .
R From the absolute irradiance data determined in this calibration and the calculated
4 ; FOV, absolute radiance response can be determined. As the F(0) receiver wus used to map ]
%-, the radiance distribution of a submerged source, the FOV 4., is used. .’ ]
L" ‘ From the FOV we obtain the solid acceptance angle as
3 2
;; Dyutor = Lo == 1.6 X 1073 sr )
y
. -
: Now radiance values are obtained by dividing the irradiance data by S2yater- The vi ]
4 wat .
y | results are shown in table 3, figures 10a, 10b, 11a,and 11b. E §
3 :
E TABLE 3 3
: |
§ Attenuator out Attenuator in o
3 irtad. (W/cm?) Q(10™34r) rad. (W-cm~2sr~1) rad. (W-cm"zsr"l) : :
¥ 2.4 X 1076 1.4 X 1073 1.4
; 1.2 X 1076 7.2 % 1074 72
it 1.
h 2.4 % 1077 14X 1074 14 ;
1.2x 1077 7.2 1075 7.2%10°2 R
k- 2.4 X 1078 .4 X 1075 1.4 X 1072 o
1.2x 1078 7.2 X 10°0 7.2X 1073 !
1= ;
o 2.4 % 1079 1.4 X 1070 1.4 % 1073 b
2t 12X 10°9 1.2 1077 7.2% 1074 ol
"":_ ' i w:‘,’
i : SPECTRAL FILTER (b
The F(8) receiver is equipped with a spectral filter to reduce buckground radiation. It
has no effect on the calibration, however, since its bandwidth is larger than the calibration
source and all measurements are referenced to a plane in front of the filter, i.e., incident
radiation,




s S
— '_‘,—‘mm:’
A,
;

T 1 7T 71711

F(0) RECEIVER UNDERWATER
RADIANCE CALIBRATION

T

Lo - ATTENUATOR
} : FILTER QUT

HI GAIMN

—
(=4
T Ty

L

W b ONBEOO

L

OUTPUT VOLTAGE

, 1 2 3 4 567891 ) 3 A4 567891 2 3
| x 107 x 106
A ! ‘ RADIANCE (w-cm™2-gr"1)

.Y 1.0+
. Sr
3 8r
N
6
i B
'

4 |-

Bt 3

Y ',I,

kil 2t

i |

-

N._'- . I.

~.},-i1 ;' 1 NI W S A W | i 1 d L Ll 1

4
Figure 10A, F(0) receiver underwatet radiance calibration, #
§
L]
o
1




/ [ [
1 oY
’l %}‘ N ‘ ,:
1 ! ‘ g
I oy
Py . ! :
‘f :;' i , i R
M [ N
b \‘ I.-
it ‘ - I
3 I o k.
8y | ~
Pl F(@) RECEIVER UNDERWATER B
,‘-'. = RADIANCE CALIBRATION : g
| 3
ar ™ ATTENUATOR R
b | FILTER QUT ol
,‘ o .
1 . ]
¢ 1. 10.0 MED GAIN LO GAIN oot
R 9 . I‘
6 g i
w Lo
a 5 Lo
1 : aE
a = ! i
;« E i ] .
. o] [
4 co
b .o
|
.'1;. ! ; ‘\
. i

s g b

L. S e

—

! .
) t

S | !
}')I '} . 1
1 ' 1
. 1o
b R NN L4l [T N W U W W R K
b 3 4 5 67891 2 3 4 56789 2 3 4 567891

O A, e
X L
3.

| x 108 x 104 x10°3 i i
RADIANCE (w-cm~2.sr™})

Figure 10B, F(8) receiver underwater radiance calibration. R

0F L
L) \

420




! -
k1 :
N
i ! F(6) RECEIVER UNDERWATER
1 ) L RADIANCE CALIBRATION
o
S - ATTENUATOR
| l '. FILTER [N
ot
B. o HI GAIN
b 10.0 - y
A i
A 7k
[T L 6|
Bt
fl g ot
. b= 4l (I
n‘ ! é
ir-' ! i 3 - |
E P % 2
|
I |
Do 0 .
\ L. "SE |
. - | i
N ~6 = N (
f } . B
1
?x " .4 " f
AR } )
’J:‘ 13 il
B r— K
I;‘" |”|
f:s 1 RN f Lo 1 M
ke | ! 1 2 3 4 567891 2 3 4 567891 2 3
"3 x 104 x 103
! RADIANCE (w-cm2.st™1)
Figure 11A. F(6) receiver underwater radiance calibration.




-
i
-
q
E;'\ «
3 !
Mo A
jiij J{ F
AN B FI§) RECEIVER UNDERWATER
5 ‘ 5 RADIANCE CALIBRATION
i ' [~ ATTENUATOR
o FILTER IN
¥ \
|
L MED GAIN LO GAIN
k 10,0
\ 9
- 8
i : N
E 6 i
4
: |
> 3 ;
[
a N l B
= 2 PR
o vl
1.0 { .'
.9 )
l .s . '
4 7 e
A -6 :{ i
y f. |5 M
1 .I'\ ?
W A i
-'"“I‘ 3 {;
b ! 1
i 2 s’. i
i ) g
L |
' ) A Lol tedal 1 W I O N L [ T S L
3 4 567891 2 3 4 567891 2 3 4 567891 i
0 '
x 102 x 10°! X1 il
RADIANCE (w-cm™2-sr"3) o
1 I 5 “i
¢! ) i
"".; Figure 11B, F(8) recciver underwater radiance calibration, 1]
bR
4-22 . ‘%




R ! SECTION §
L AN INSTRUMENT FOR THE MEASUREMENT OF SPECTRAL ATTENUATION
| COEFFICIENT AND NARROW ANGLE VOLUME SCATTERING FUNCTION OF

Abstraot

f . A now instrument has been developed for the study of those optical properties of ocaan water that affect tho transmission of

] b image-forming light. The instrument performs simultaneous mensurements of the volumo attenuntion coufflioient and the volume

. scattering function at three angles, Aty of ten wavelengths covering the spectml range from 400 to 670 nenometsrs may be used.

i : A depth capability of 800 meters permits the examination of water below the euphotic xone and of the bottom wators on the conti-
' : ' nental shelf. The considerations loading to the design of the instrumant, its capabilities and the unique features it incorporutes
i are discussed, Some examples of the daia obtained with the instrument ure presented.

; Introduction

? ' The study und solution of visibility and image transmiumsion problems requiras information regarding the optival properties of

‘«1 i oonan water for various geographioal areas and waier depths, The present state of our knowledge of those proportios hus been se.

B veraly restrioted by the type and capability of the instrumentation that has been available. Viaibility und image transmisnion through

: \ water is affected by the optical processos of absorption and soattering. Therefore, mensurements of the modium are required from

' } : which the significant faotors of the absorption and scatioring properties can be derived. Qenerally, both vary with the wavelangth of
the mdiation involved, with geogmphical looation, with depth, and with time, It in essential, thorefore, that the moasuraments be

obtained rapldly over the spectral reglon of interest and over the volume of water of concorn In order that a complete wnd quasi-

i instantaneous assessment of these propertios can be obluined.

Y ‘ ' Recent studies of nonr-surface data from stable, well-documented water confirm that a roasonably previse estimate of the total

‘ f soattering coefficient, s, can be obtained if the volume scuttering function (VSF), o(0), is known at a sultably small ungle from the
direction of propagation, As a result of this, the nbsowption coefficient, a, may be determined from u knowledge of the volume atten-
uation coefficlent, a, and the V8F al0) ainoc a = 8 + a. Thus & single Instrument cupable of measuring a und o () at u number of
wavelengths in rapid sucoession would sutisfy the requiroment for simultanaous spectral data on tho abworption and soattering prop-

. . ortlen of ocoun waters of interont, The valldity of the correlation betwee o () and s for near-bottom waters, whero tho scatter

i ) Ing muterial may differ in important rospoots from that found in surface waters, has not yoti hoon verified. Wo oxpect from theoretionl
cottslderations and from our avaluation of the nuture of the noar bottom scattering muteriul that a satisfactory relationship betwean

) o(8) and » will bo found to exici,

R C On thin premise, the Visibility Laboratory huw devolopod an instrumont to perform the simultancous meusuremont of the beam
transmittance, T, (fron which a may bo obtained) and the VSF at three small angles, This instrument whon used in conjunction
- Qo with the Visibility Laboratory gonoral angle acutter meter™* cupablo of moakuring the VSI* from 109 lo 170¢ cun obtain valuos of
k. : a{0) over a range of ungles larye enough to allow the computation of » direetly from tho rulationship,

n
" 2nf o {0) wing d6 . (1)
i)

If the expeoted correlation botween o () and s {8 found in bottom water below the ouphotle zone, we muy proceed with eonfidence
, to utilize this swingle instrument, measuring ALpha and volume SCATtoring function theneo tho seronym ALSCAT), for the vvaluation
| of thoso optioal proporties of noar-bottom wator which are important for tho nuscssment of the opuration of undorwater viewing
. uwyatoma,

Dealgn Objoutive und Spooifications

g, - I Thin soctlon wiil provide a hriof doscription of the Importuant functional spocificatione of the Instrumont. [t will ulso serve as an
Ry : introduction to tho inktrumont und some of the convopts usoed in its dosign, Additionnl baekground and dotails will be provided in ]
p b later puragraphs,

:. Gonerul Desoription,

Tho inatrumont nyntom connists of four compotonts:

1, An undorwater unit measuring beum tranenlttunce, volume neattoring funetion, wator temporature, und instrumont depth,

2, A spocial eable with straln momber (two lengths, 400 foot nnd 2000 foot, the lattor for use on an existing winch),
. Ti;;wc;i described war porformed with support provided by the Defonse Advanesd Rusourch Projocts Agoney undor ARPA
Order 2431,

** Dovelopod with wupport providod by the Nuval Alr Davelopment Conter under Cotitrnct NG22680-71-0-0078,
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3. A deck unit for topsido digital signal conditioning, data displuy, and functional control of undorwater unit,

4. A data recording unit with a 21 aleme digital data printor, un incromontal magnetic tape data recordor and an x, y,, y,
plotter,*

The maximum doslgn oporating depth is 500 & " ey (1840 foot). 'The cablo strongth .8 adoyuato to support the instrument and
2000 feet of vable in wator with normal acerlca te: . ous,

Vertienl profilos of transmittance, volume sttonus:i 3 coefficiont, volume senttering fune* o, nd water temporaturo may be ob-
tained at a rato of about 3¢ meters por minuto or 14 wet e for o B00-moter prafile (noglociing wite anglo offects), Faster puyout
and rotrieval may bo possible dopending upon the graclents of the variablos, the systom time constants, and tho desired aceurncy,

Optical Measuromonts

All option! moasuromonts may bo made at any of 10 wavolengths solactable hy command from tho surface, The wavelength is do-
tormined by interforence filtors huving half power bandwidthe of 12,3 nanometors ar loss ond nominal centors wavelengths of 400,
440, 440, 450, 520, 550, 88U, 610, 640, and 670 nanomotors,

Thae water puth lungth may bo chunged from 1/2 moter to 2 metors in 1/2-motor ineremonts by means of spacors installed botwoen
the projector and receiver. )

Collimatod projeotor and recoiver oplionl systoms uro used, 'The projeotor unes n 15-watt tungston lamp genseating u beam 9,83
millimetors in diamotor having 4 divergonce of 0.8 milliradians Chulf anglo in wator), 'The lenses in the projector und reseivor aro
plano-convox achromuts specinlly fabricatod for this instrument,

A portion of the Mux from the lump i carriod diroctly to tho receiver by a fiber optic light plpo, This flux, which iy unaffocted
by the churnotorlstics of the watar puth, sorves as u continual reforence signal to onable the system to componsate for fluctuations
in the lump output und/nr rocoiver wonsitivity,

The recelver secoptunoo half angle in 1,6 milHeadinns in water for the transmittanes monsuromont, 'The rovoiver aperture stop
for travmittance I 20 millimoters In dlametor, The rocelver fleld of view and nperture stop diamorer are changed for the threo
volume seattering function (VSE) moasuroments, The nominal messurement angles (in wator) over which the V8E is measured are
3, 6, und 12 milliradlane, For path longths 1 motor und shortor al; throw VSI' mousuromonts oun bo mado, With a water path legond
of 1.5 or 2 motors, only tho 3 und 8 milliradian mousuremonts can be mado due to restrictlons croatod by tho 60 millimoter maximum
rocelver apoerturo diamotor.

Prossure/Dopth Moanuroment

Instrumont depth 1s determined by a bondod steain gnge pressuro transducor having a eunge of O — 750 paia and a torminal linear-
ity of £0,16 poroent of full sealu output. 'The trunsduoer will withstand prowsures of 160 porcont of full weale without affeoting per-
formanco charaotoristics and in axcoss of 260 percont of full scale bofore bursting.

The tranadu cor outpit 18 amplifiod to obtaln a soalo fuctor of 1 volt por 100 motors of instrumont dopth (1,0., 6 volts for maxinum
dopth of 500 moters), "Tho digital data transmission Huk haw a rosolution of 0.01 volts, corregponding to an offeotive depth remolw-
tion of 1 motor. Tho transducor Hnoarity Hmits the diroct woading nccuracy to 10,8 motors,  An altornato rango of 0-200 motors may
be soloctnd from the control punol, This seloction thereason tho gnin s the undorwator insteumont by o fuctor of 10 with u resultant
dopth lrn»nlutlon of 0,1 motors, As the aceurncy in thix cngo is Himitod by the busle transducor, no improvement in absoluto accurncy
fu ronlized,

Tomperuture Monsuromont

1
Waler tomporaturo at the dopth of the mstrumont is sensed by o procislon plutinum rosistanco thormometer, Tho sonsor rosist
uncu ohangos approximately 1.8 ohns por dogree Colsius with a repeatability of 20,08°C, The sonsor time constunt in agitatod wator
in 1.6 socondn or loss,

The wmperature rospouss of the nensor systam is 1 volt por 10°C on the topside temperature display and rocording, ho rango
of wmpornturos whioh tho sonsor system cin hundle oxooods the roguirements for vconn mossuromohts, Tho time constant of the
thuormomotor probe requiras that the rte of ingtrumont loworing or rotrioval be reducod for those portions of the wator colemn whore
thoro is o marked thormocling ' the full tomporature necuraey is to bo nchioved,

Digitul Dat and Command Trnwmlnsion Systom (DIDACTY)

This nystom provides for the trienamission of digltal addronsos and commands. fron the surface control unit to tha various undor-
wator sonsors (downlink) and for the transmission of digital data from the underwator seusors to tha sueface for display und rocord-
ing (uplink),

Tho underwatoer partion of DIDACTS witl handle up to eight msalog tnput channola (£10 volts full sonle), As any of those ohun-
nols 18 addrossed by the surface unit, s analog vollage is multiploxod fnto u bl-polar analog-to-digitsl convertor. 'The digltal duta
wlong with tho status and nddross of the channol are sent to the surfuce vin the twistod palr data termsmission Hne in the underwater
cubles Upon recoipt of the digital informution, the surfaee unit stores and diaplays tho diuta and status Information, It thon initintes
* Tho duta logger wan constructod with funds provided by another contract, but It is compatible with the recording requironionts of
ALSCA'T and 1t will bo userd with this instrumont,
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the cycle for another channel hy sending down to the undarwater unit the appropriate address and any digital command for a change
in status of the underwater unit, The :ime required to comvlete the inter-ngation of a channel ic 7,83 milliscconds. As saven chan-
nels are currently being used, each chani<! is sampled 18,21 times por second. This date rate is in excess of that required to ue-
curately resord any of the variables,

The capability is provided to addreas any one o iny combination of the sight data channels in sequence. Only those so addres-
sed will be interrogated.

A 4-bit command word is associated with ench channel. These digital commands are transmitted to the underwater mnit with each
oycle of the DIDACTS whare they are placed in a storage register, If the status of the U/W controlled function (e.g., wuvelength fil-
tor whoel position, photomultiplier tube high voltage setting, chopper motor speed setting, or scale factor for depth measurement) is
not in agreement with the command, & digital comparator senees this and initiates a mequence of changes until the status agrees with
tha command, The digital condition of the utatus genarator asscciated with each controlled function ia placed in the underwater shift
register and sent to the surface where it may be displayed and recurded along with the data, If the command and status signals in the
surface unlt do not correspond, display and recording of data i inhibited.

Optical Deaign
Degign Considerations

In order to obtain the smallest error in an instrument designod to measure the volume avtenuation soefficient, a, it can be showu
that the path lengths through the medium should be around 1/a or one atienuation langth, Thus in very clear ocounic water where a
may be as large as a « 0.05m=! & water path length of 20 meters i indicated. Such path lengths are usually impractical in field in-
struments without resorting to some system for multiple folding of the optical path. Tho multiplicity of optical surfaces which re-
sults, with the attendant requirement for knowing the sxaoct reflectance or transmittance of ench surface, quickly negates any gain
resulting from the increased path length. Furthermore, the optimum length changes with wavelength and water mass, and the advan-
tage of the long path rapldly decroases as t! - attenuation length decreanes. As an example, given an instrument having a path
fength of 20 meters and another with a ns* - ngth of 2 maters — both having the same photomatric accuracy - the '‘crossover utten-
uation coefficient,’ a,, l.e., the coefficlen. whare the errors in the measurement of a is the wame for the two instruments, would be
a, = 0.128m=1, For a Zmeter instrument with a photometric error 0.2 percent, the error in the determination of « ~ 0.08m~1 due to
this photometric error would ba Aa = 0,0011 m~1, and tho relutive ervor would be Aa/a ~ 0,022 or 2,2 peroent. This should be ac-
oeptable for all but the most oritical research purposes. The same instrument shortencd t~ 1 mater and wsed {n the same water would
ylald Aa ~ 0.0021m-! and Aa/a = 0.042 or 4.2 porcent — an orror that would stlll be neceptable for most applioations. Thus & 1 or
2-meter tranamissometer with good photomatric acourscy can provide satisfactory volume attenuntion coefficient data for clear ocesn
waters. Thess shorter instruments are greatly to be prefarred from the standpolnt of ease of handling at woa to the longer instruments
or to those having a large nuniber of reflacting or tranwmitting surfuces having oritical oleaning roquiromonts as in some instrument
deaigne with multiply-folded optioal patha,

There was an additional and overriding consideration forcing the design to shortor path longthe, 'Fhat was the requirement to
muasure the small angle volume soattering function (VSF) using the same path as used for the beam transmittanco measurement,
tlere the dealgner wishes 1o moasure the scattering from u thin lumina wo that the flux remains essontinlly constant throughout the
moasuremont volume, The requirement for adequate recelver powor pluous a lower limit on the measutemant volume, and the croms-
seotion of this volume, l.g., the benm diameter, finds practical limits in tho size of the recsivor option, Optical requirements for the
sizo of the transmissometer boam place further restriotions un the buam diametor,

The compromises then ware (a) botweon long moeasuremont path lengths for accuracy in oloar wator transmittance (hence o) mea-
suremonts and short wator path tengths for small-angle V8F moasurements and for easc of handling at soa, and (b) betwoen a large
dlametor beam for precision in measurement of VSF and small diameter to koop the size of the rocolver optionl mystom reasonable.

In this instrument tho projector and recelvar boums wore collimatod us opposed to the cylindrionily limited deaign used in pre-
vious Visibility Luboratory instrumonts, Tho primary roason for this was to allow tho precise spoocification of angular fields of view
in both the VSE and the transmittance measuremonts. A corollary benofit is that the moasuromont puth length mny bo changed without
affocting the instrument calibration providing only that tho receiver entranoe aperture Is of adoqunte dlametor to accept nll flux seat-
tored at the maximum measured voattering ungle for tha longest moasutoment path.

Description of tho Dptioal Denign

Tho optical systom oonsists of a projootor which provides u umall boam of highly collimnted light and n vo!limated rocciver
whone opticul axis is alignod with the axis of the projoctor, The fleld-of-viow of the recelver Is causcd to change ropetitively, by
moans of ah indoxing field utop wheal located at the focal point of tho recelver objective lend, For tho mousuremont of transmit-
tance, the flald-of-view is dotormined by the royuivement to puss all flux leaving the projoctor which hus boon noither absorboed nor
sonttored. Thus if tho powor in the boum au it lonves the projector Is P, and that remaining after travorsing an instrumont wator
path length € 1s Py, thon T~ Pyg/P, « o-af,

For the meusuremont of the volumo scattering function at angles oloso to the forward direction, tho field-of-view of the roceiver
is wuch that it blocks the directly transmittod light and avoopts flux which haw boun seatterod by the wator nt & emall rango of anglos
around the desired median angle. Those portions of the optloal system that aro illuminated by the projoctor loam can also vontribute
to ucattered flux which I indistinguishable from that seattored by the water, Mo reduce this unwanted signa) to o niinimum, tho de-
wign emphasized reducing the number of optival wurfuces and smount of glass to a minlmum und specifying the highuat quality mater-
lals and surfacon in the optics used.

The volume weattoring funotion, o (9), ut angle 8 from the dircotion of propagation may be determined from the oxpronsion:
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gl Pgl0)
where Pg(0) = tho on-uxis power leuving tho measurement volume,

Pg(9) = the rocuived power seattered at a monn angle, 6, into a solid angle wg,
wg = tho solid anglo of uecoptance of the recelvor about the menkuroment angle 0,
and f = tho path longth through the measurement volume,

This relationship may be dorived ns follows: Tho volume scattering funotion is dofined by tho differentinl rolationship.
(g = a(@) «H-+dv (3

whera dd (8) is the radi=nt intensity scattored In the diroction @ by an clemental volume, dV, of tho souttoring medium, H im the
Inadiance ineident on the olemental-samplo volume, In an lnstrumontal detormination of o(0), « sample volume of finite size is, of
coursa, required in order to obtain mossurable quantities of power. The size of the volume and of tho receiver wolld angle of aocep-
tance, wy, are determined by the sensitivity of the rogeiver, tho power in the projeotor buam, tho spootral bandwidth, and the range

of «(0) values to bo measured. In ALSCAT the samplo puth longth in sufficlent wo that losses along the path cannot be neglected
in the derivation. Tho measuromont path is shown schematicully in Figure 1. :

1 )
G0} = e b s

g [\ Pu(())

Pp0)
lllP R —
P,
U 0 I-—-——x fex
S
l] =
P
Fig. 1
Let P 0} = tho powor in tho houm emitted by tho projector inta the water,
A, + tho aron of tho projector boam,
? = tho longth of the monsuroiment volumo,
T, = the transmittanco of thoe water path to x
und Ty = Pp0)/P,@ = the trunsmittance of tho total water paih.

Then, since power [n tho boum at x 14 givon by
H, A, = P, = BT,
and P, (0) = wgdd, (B,
reprosonts the powor seattored in diroction 0 by the olemont of path dx at x, Eq, (3) may be rowritton ns

dP(0) = o () + T, « Py(0) wydx (3n)
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13 ‘ Now the amount of this power reaching the recelver at ¢ will be .
i Py
B . .
' : ! dPy () = o() T, » Ty, * P,{0) wgdx 0
1 1 and since T, ‘Tyg., = Ty Eq. (4) becomes
¥ !
- dPy (6) = a(8) Ty P,(0) wgdx . (48)
i ! i : Solving for the total scattared powar received from the entire messurement volume, we obtain
. _
f : 1 ; P6) = o(0) TyP,(0) wyt (8
B |
3 from which we obtain
1
. : 1 ) ,
1 o) = il ®
¥ _ welTy P(0)
|
- or since Pp(0) = Ty « (0
Lo 1 Be
B o) = — . —— o
wpl  By(0)
| ‘
- } The above derivation assumes single soattering nnd that the path iravelled by a scattered photon ix not signifioantly longer, in
X terms of attenuation losses, than that travelled by an unsoattered photon,
.I i Projectop, The projector source is a 15-watt, 8-volt projection lamp with a L5 x 1.9 mm *'flat core'’ fllament (Osram 8018), The
3 | lamp iluminates & field stop 0.44 millimetars in diumater placed at the bcal distance from the projuctor objective lens (see Fig, 2),
! This lens {s w 330-millimeter fooal length %0 millimetor diametar plano-convex achromat with the plane surface In contact with the
water, A condenaing lens images the filament In the projector aperture utop, 'The projector olear aperturs {a 9,33 millimeters in dia-
| , metor; however, sinoe the diagonul of the Mlument image at this plane is slightly smaller than the aperture diumeter, the projector
} beam as it sntors the water is rectangular, The projector beum divergence {u 0.87 milliradians in air und 0.5 millieadians in water,
; PROJECTOR
. i coNpINMNG —  —hep _ OptetV PLLD. PHOTOMULTIMLIER
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i» I . \om
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Jueodvor The reveiver also hux a plano-convex nehromatie leng of sinflar dosian buthaving an ovorall dinneter of 76 milli-
meters, A disk contalning four tiokd ntops Is loeatod in the foenl plane of the Tans, "Phis disk rotates aboul o shi i through its von-
Loy wnd ln cnunod W index 1o six proeisoly detorminod positions by @ mechanieal intormittont. deive o Mg 2 and 3 The Tour
flold wtops are thus caused to stop, in sequence, at the regquirod loeation on the roceiver optieal nxis, whtle ench of the four optical
weasuroments are porformed, Leo, trinamittanee, and the volumo seattoring funetson at each of threv angloss As the fleld stop whool
asstmes the romaining two of fir )iy positions, the recetvor, GO samplos Hght Qux eardded from the lamp by o fber optie Tight pipe
for aystoms guin adjustment wid then, () Is shatterod (o place 100 the dark fie systons zero-set,

The four reveiver field stops consial ofr (1) g clenr stop 123 millimetors in diasioter whioh provides w 16 mb Hradian (hal £ angle)
Held-uf-viow for the tnnamittonee measurement, and (29) throe elonr anndar 8lops which provide fbr volume seattoring function moun-
wuremoents at the nominnd unglos of 3, 6, and 19 milliendinns, as «hown in the tibie below,. Whon those annular flold stops are in
plaes, the image of he projeetor Oeld stop falls on the opugae contral gpot of the stop preventing diveet Qux from the projector from
renehbng the recolvers I this situntion only that Qux from the projector which hus heen senttered by anplos within the Hmits 6,

a0 tshown in the tabled can e menaured,

| Nominab Angle | ”..... - \ Uwnn | w
' 1 Guene]) (lurm Hnnufl tarnd b : turt !
l: 0, ! Bl l 1,76 4.4 l BT ‘ AN S
Lo, i | oumr | l W , IRCERLE ;
o 12 W | 1 ‘ ERUENEL AT
!
! 1), [1 1.6 l b | (AU N [ I

The optimum 2ize o e reeeiver aperture stop changes for the four moasorenenbs For the teansmittaie s measaroment, the apor-
wre nerads o he Taege snough fo necept all unnentioped wys Crome e projector mcane, for the Togest path longth, To aecommodnta
four wlight meclhuienl misalbgoment in the courme ol fiebd usey n smdl Tnerease o the recviver apertiee dinmeter has hoon providod,
For the VSE measarements, dhe size of the rocower aperture muat heosueh that s sentiored by o angle 2 0 from the porimetor
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of the projevtor beam as it enters the wuter can he accepted, Thus if the projector apetture stop diameter in ¢, and the path length
la ¢, the minimum receiver aperturo atop muut be

¢r = ¢»+2¢amul ‘

To roduco the errors introduced by the inclusion of scattered light in the tranamittance measurement and by the unwanted inolu-
sion of secondary scattored light in the VSF measurement, it is deairable to limit the aize of the aporturo stop to that required for
each measurement. In this instrument the receiver aperture stop is determined by the size of the image of a circular stop in the
“indexing aperture stop wheel® formed by the field lens (see Figs. 2 and 3). This image ix formed at the water aurface of the re-
celver objective lens, The field stop wheel and the aperture utop wheel are on the same shaft and index togethor. Thus vach of the
four optical measurements are performed with an appropriate nperture stop size. A slight compromise was necessary in tho interest
of kewping the sizxe of receiver lans and its mounting to within what were felt to be reasonable limits. Thus the maximum roceiver
stop diameter was kept to 50 millimeters which precludes measuring the VSF for 6 = 12 milliradians in the 1.5 or 2.0 meter path
length confi gurations,

The stop wheel mechanism Indexing speed can be controlled from the surface up to a maximum of 3 complete cycles of the wheel
per socond (18 indexing actiona per second),

Spectral Filtering, A wheal carrying 10 narrow-band intarference filters is loouted butween tha sperture stop whoel and tho en-
trance port of the Integrating mphore (sce Figs. 2 and 3). The operator may seloct the filter required by a command from the surface
control unit, The filter chamoteriatics are shown in Fig. 4.

CIARACTERISTICS OF SPECTRAL FILTERS IN ALSCAT
(SECOND SET, DITRIC 3 CAVITY)

NOMINAL GHNIROID MAX IMM ALY
HAVELLNGT A A WOHIOT | [T Ty,
(nm) {nm) (nm) ()
400 400,7 402 B.4 4120 | 0492
430 430.3 431 7.0 3,402 | 0.480
460 459.8 459 5.9 2908 | 0,402
490 4805 48y 7.4 4,007 | 0,554
520 520,1 511 .7 4,600 | v, 687
550 548, 3 549 7,0 4,840 | 0,637
580 580.0 579 9.4 6,284 | 0,069
610 0084 604 1.3 6,827 | 0,604
640 641, 638 11.2 5,606 | 0,508
670 0669, 3 008 12,3 7510 | 0,611
180 prverrsvevbevrmravsbrirprrbrrenps verbrees bbb o
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Photodetector Unit, An intograting sphere has been used tu cnsure that the same portion of the photocathode of tho photomulti-
plier tube (RCA 1P28AV1) is vsed for all measurements. This was particularly important since the distribution of flux in the beam
exiting the itlter wheel changos markedly for the five me asuremonts (including the fiber optic ‘‘reforonce’’ measurement), Such
changes in distribution can causo the vutput of the photomultiplier tube to be non-proportional to the total flux, if differeni areas of
the photocathode are used.

Underwater Lonues

The amount of glass and the number of surfuces in the optical paths of the inatrument wes kept to 8 minimum in the interost of re-
ducing the residual instrumontal soattering, ‘l'o this ond plano-convex lenses with their plane side in contact with the water were
used in lieu of the usual combination of lensas and planco-paraliel optical glass windows. The requirements for strength, low scat-
toring and mchromatization dictated lens requirements that vould be met only by spocial lons dosign and fabrication. Consequently,
two-element comented achromats were dosigned by one of the authors, (T'JP), and manufactured to etrict tolerances with respect to
surface finish, bubbles, inclusicns, strain and striae. The following table lists the major wpocifioations of the lensos:

ALSCAT OBJECTIVE LENSES

Diameter { oo o

Focal Length (587.66 nm, He d-line) 330 mm £ 1%

Axial Color Comectiont 400 to 670 nm t 0.2% of focal length

Front Surface Flat

Rear Surface: Radius of Curvature 143.69 mm

Al Surl‘n'nceu: Conformity to Above Within 1 fringa per 12 mm
Surface Quality per MI1L-0-13830 80 - 40
Conte 1 o (ejecton | 210 o ottr

Maximum Doviation Between Optical and Mochanicul Axos 8 minutes

l Lens Thi-knens [ Il":’:j?aiev&'; !138 :::1‘

Mechanicnl Design

The mechanical denign was predicated on providing a rugged, in-line instrumont that could take the normal ahipboard abuse and
maintain its optical alignment, ‘T'he projector and reveiver ussomblios ure mounted in cylindricul presyure vessels that are accurately
positionod with respoct to each other k: heavy aluminum cylindricel spucers. Figuro 5 shows the instrument assembled in its 1-
meter configuration at tho top, and the sketchoa ut the bottom of the figure show how various combinations of the spacers can be used
to vary the water path longth from 0.5 to 2,0 motors. The clongated holes in tho eylinder walls of the spacers are provided to faclli-
tate rapid oxchangoe of water in the moasuremont puth, The spacers are held togothor by split clamp rings whioh allow rapid and ac-
curate chaasgos in nith longth, All optien) references are mado to the large face piate to which the recolver pressure houning and the
firut spacer (B in Fig, 5 aro attachod. The plate was carefully machined to recoive the curved surfuce of the receiver objesotive leng,
and the vlane water-contact surfiuce of this lons is pamilel to the piane of tie outer surtace of the plate. The optical compononts for
the recelver are mounted nn an optical boneh fustened to the inner surface of this face plate and hold rigid by the addition of two
large rods and an end plate brace. The projector unit I contorud und nliznod to the receiver by menns uf two sets of three adjust-
ment screws in the wall of the spacer tube,

Accons to the tecoiver optics and eloctronies is obtainod by removal of tho oylindrical pressure housing, Access to the lamp
is obtained by removing first tho protective guard (urit K in Fig. B), and second, the rour half of the projector pressute housing, 'The
optical alignment is not affected by this procodure. l.amp roplacement or adjustment are quickly and simply effected.

The fiber optic light pipe and wires fiom the roceiver to the projuctor ure carrtud through sluminum tubing attached to the re-

wpective face piatos by conventional tubing comprossion fittings, A separate tubing length is required for each of the four mea-
suremont nath lengths,
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Y The alectronics may be divided inlo two distinel purts: (D the annlog sigpal detection and provossing elreuits, and (2) tho
e Digital Data And Communid Transminsion Systom (DIDACTS), Kigure 8 i an abridged block dingram of tho underwater unite 'The
' .',.- i multiplexer/analog-to-digita) converter [y the essentinl interinee botweon the analog and digits! elreults,
'.-;-' l Underwator Analog Cireultry
b
. l An optoolocteie couplor (LED?photodiode anity sonses the position of the indexing stop wheel and provides timing signaly for
e : the signal detection procoss, The primary photodetector is o S-atage photomultiplior tube (RCA TP 28AVL T'he goin of this tube

in adjusted by controlling the high voltuge applied to its dynodes in o manner desceriled foter, The output signal from the tube con-
aists of u weries of 8ix discrete current levelr corresponding to the six positions of the stap wheols 'The curront I8 converted to o
voltago signal by un operationnd amplitior, and this voltnge s, 1o tuen, applied to the inputs of wix samplo-and-hold cirewits, These

s clreuits nre switchod by the timing signal genoratod by the stop wheel Tocation, Thus the DOy outputs of these S&H cirenits cor-

’ ! respond to the avorage value of the photemuttipticr tube vutput during the sampling aporcture, Thore signuls are the voltago unalogs
\ of the Hght Qux entering the Intograting sphere and are updinted onee per rovolution of the atop whoel, The output signal s, corros-
5 . ' ponding to V8F (o, oy, and o)) and tranemittaned, are appliod direetly to the gindog mut ploxer, Tnoaddition, the transmitimen
- signal is applied to s logaeithmic circuit which provides an output voltage walog ot the volume attenustion coetliclont a, L,
‘8 : , an=1/0In T,
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of : The output from the ‘‘zoro’' 8&H circuit provides an indication of the durk vurront in the photomultiplier tube and zero drift in the
o current-to-voltuge connected operational amplifjer. Thoe "zero wigml s fod baok to a summing junction at tho input to this ampli-
L:x' fior and forces the amplifier output to zovo, thus compensating for the zoro offsots gunoratod to this point.

Tho output from the *‘reforonce’’ S&H {8 propartional to the signal arriving at the phototube through the fiber optic light pipe. As
thin signal 18 independent of the water path, its value should temain constnnt. Any variution in this signal is attributable to varia-
; tiona in the lamp output or fn the overnll rosponse of the photomultiplior tubs (PM'I), Rogardloss of the causo, changing the gain of

‘ . tho PMT can rostore the roforsteo signal to o proset value, This value s determined with the Instrumoent in air by ndjusting the high l
IR . voltage appliod to the PMT dynoedes unti) the indicuted transmittance is 0,926 This value ropresenty the transmittance change l
41 ' causod by the lincroass in losges at the two extorior surfaces of the lens/windows when these interfuvos are in air as opposad to -
i water, Tho high voltage is udjusted an follows: The output from tho roforence S&H iy nlectronfonlly compured to u reforence signal
pot : gonoruted by n digital-to-analog convorter (DAC). ''he DAC output is adjusted from tho surfaoo by the setting of digital switches.
.. ) Tho differeneo signal botwoen the DAC output and the referenco S&H controls the high voltuge applied to the M1, Thus once this l
Vv . ndjustment has been mado in air (aftor cureful cloaning of the windows) tho magnitudo of thin differonce signal is cetablished. With "
,.“‘g,-'. . adequate loop gain small changes in the roforonee S&H output will provide sufficiont componsating PMT gain change to hold the over-
:'"-, all systom rosponse constunt to within the desired £0.1 porcent,

The prossure and temperuture transducar outputs are prooossud, and voltage anulogs of the dopth (0 ~ 200,0 or 0 - 800 meters) L
and tomporature (0 — 40.0°C) are appliod to the anulog multiploxer, Chunges in the full senlo rango In dopth and a moasurement are
offooted by digital commands transmitted from the surfuce.

Digital Circuits

The snven underwater analog channels are multiplexed into an unulog-to-(liuml vonverter {ADC) In acvordance with address uig-
nals ansmitted from tho surfuce, Tho output of the ADC is fed to u shift register along with tho address and status in formatlon
from the seven channeli, The underwator transmitter then »ondﬂ thie serializad digital information up a balanced digital data trung-
mission cuble. At the wurface the duts im shifted into five™ data rogintors that latoh tho data in accordance with the chaunel ad-
dresses (soo Fig, 7) Tho information in the latched regiators is provided to the digital displays, printer, magnotic tape recorder,

* The five nrw Transmittance, Alpha, Depth, Temperature, and one of the throe VSF channels as selected by the vperator,
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and digital-to-analog vonvertors (DAC), The unalog outputs from the DAC are nvailable for rovording un an %, ¥y, ¥, flatbed ro-
cordar. The uaalog scattoring signal iu fed to a computation olrouit where appropriate galne and offsets are appliod, and the rosult
is divided by the path transmittance in accovdunce with Ea. (8), The output of this computetion is also fod to the X, ¥, ¥, plotter
and to a digital voltmeter for display and converaion o BCD output,

The surface unit providos digital nddroswes and conmanda to tho Individual} channels In tho underwator unit. Theso digital aly-
nals aro placed in & whift register and tranamittod to the underwatar unit viu the samo twisted palr, datu cable used for the up-link
transmission, The timing of the send/receive cyolo is dotermined by the number of bits required for the up und down link purtions
of the oycle and the busle clocking frequency, 8.0 kilohortz, The boginning of vach chunnel's Interrogation, command, data and
status cyole is determined by a unique word of seven consvcutive pulses, Kuch channol date cycle requiros sending u total of 47
bits of information ruquiring 7,89 millisoconds, Thus for the saven chunnuls, a total of 54,8 millisceonds wo royuired, und the
total data cyclo rate is 18.24 horts,

The timing is controlled by individuul crystal osaillator clocks In the undorwater nid surface wiith, The surfaos olock is nyn-
chronized with the underwater clock onoe per chunnel data oyclo,

Powar Supply

"'he power for thu underwator olectranics and famp is providod by transmitting 60 hertz curront through two additional twisted
pairs in the undorwator cable. Although this roquires using ruthor high voltages {ea. 200 volts) nt the surfece end of the cable, no
problems in eleotrical lonkage or from nolse coupling Into the digital circults have boon oncounterod. Tho udvantage of this method
wai that of being able to use conventional line-powored powor supplios,

Drta Output

Two samples of the type of data which can be obtained with tho instrumont are prosonted, Those samples are plots from tho two-
pen x~y plotter, Figure B shows the tomporature and tansmittance profilo in wator having an unusually pronounced turbid layer from
10 to 30 moters balow tho surface, In Fig. 9 wo prosent verticul profilos showing the volume atlonuation coofficlont und the volume
seattering funotion for 12 millirndians, Thase curves were obiained at the same location 28 minutes later,
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! f SECTION 6

2

{
& SURFACE SUFPORT PLATFORM \i
It
L |
X IR INTRODUCTION i
3 !
y I The purpose of this uppendix is to describe the Surface Support Platform and append- !

ages used to provide sea-surface support including power, instrumentation, and control of '
underwater devices for the Optical Satellite Communications Program BLUE-GREEN experi-
ment, The objectives of the platform-assembly task included the following:

T

| (1) Providing a platform which, when deployed, would be sufficiently stable to

: conduct the experiments under u variety of ocean conditions, It was necessary
that the platform be sufficiently large to provide a work area for up to 7 people
and be sufficiently equipped to support the necessary electrical, mechanical,

} - and electronic equipments;

(2) Providing vertical access to depths of approximately 50 metres in the form of
an assembly which would be talsed, lowered, and rotated und upon which

b various instruments could be mounted, The assembly position was required to

! be fixable to within 3 degrees (an allowable swing of 2.5 metres at the 50-

TR e T MR
2 “. . -

€~ e TS

i
metre depth); |
- [ (3) Providing a method to traverse an opticul detector along a horizontal path !
. slightly below the surfuce of the water., It was necessary that orientation of the :
- horizontul path and the pointing of the detector with respect to the vertical !
A elements (described in 2 above) be well defined: '
3 .
3 . (4) Providing support to personnel of the Scripps Institution of Oceanography '
E Visibility Laboratory for the deployment and operation of the monitoring i
¢ ; instruments for opticul properties; und !
. ! 1
f ' (5) Providing mooring, deployment, upkeep, support, watchstander personnel, §
' . small-bout platform-to-shore trunsportation, and correction of equipment :
b breakdowns, |
3 \ GENERAL DESCRIPTION |
" | . g
l“[ The objectives were required to be met within 5 months and construction was {
i scheduled to begln in purallel with the development of experimental equipments which were {
o only generally defined. Moreover, the task was to be accomplished within an extremely :

A tight budget, For these reasons, some rather bizarre and unique designs were employed
with flexibility us the primary guideline,

For example, to fit the budget constraluts, it was determined that surveyed and
excess equipment would have to be used, where possible, and this equipment would have to
‘. be augmented with rented accessories, This Fuctor required that the platform be of sufficient
o size to fit the availuble equipment, The customury approach of designing cquipment to fit
i) the available space was not possible in this operation. Thus, tor the base platform, u large
burge (10,4 by 33.5 metres) was selected, The burge is deseribed in detail in u later portion
of this appendix.

Several technigques were constdered for deploying stable equipment platforms to the
desired depths. Common to all these techniques was excessive cost tor bout und diver opeta-
- tlons. To eliminate most of this cost factor, u technique was devised which would not require
1 | divers and which would cut boat operations to a minimum. This technique involved the
8, - fubrication of a single picce of pipe, 55 metres long und 0.2 metre (approximately 8 inches)
in diumeter into the form of a vertical guide assembly to which o plutform could be fitted
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and be raised and lowered. Deployment of the system to be accomplished without the use
of divers, was reduced to the problem of fabricating, floating, and towing the pipe to the
desired location. At the test location, it was only necessury to attach one end of the pipe
to the barge and to sink the other end. (Fabrication of the pipe is described in a later
section of this appendix.) It was found that the horizontal-path require ments could be met
by suspending a guide rail along the side of the barge.

In summary, as depicted in figure 1, the overall design concept was to develop a plat-
form (barge) and to attacha vertical and a horizontal optical bench to the platform in the form
of a suspended pipe and an H-beam guide rail. With this urrangement, experiments could be
conducted through an underwater path from equipment mounted on the vertical and hori-
zontal optical benches, The vertical optical bench could also be used to deploy a laser und
an underwater receiver for uplink and downlink medsurements, respectively, Later on in
this appendix, u section will be devoted to a description of the equipment selected to per-
form the remuining functions of the plattorm. Figure 2 illustrates the overa!! luyout and
points up the convenlence of selecting the lurge barge us the first step in the operation,
Through use of this procedure, It was possible to equip and test separate units ut the Laboru-
tory before transporting them to the burge for installation. In this way, plutning und fabrica-
tion were accomplished in parallel, 1t was ulso found feasible to provide a fully self-contuined
maintenance and support activity abourd the barge, In uddition, the large size and stability
of the burge, when moored, provided comfort for system operators and, in particular, for
wutchstanders who minned the burge continuously,

WIND INSTRUMENTS

o

SOLAR CELL
INSTRUMENT HUT

POWER SOURCE

RECEIVER

UNDERWA'I;ES
CALIBRATIO SCRIPPS A&S
CALIBRATION
| LASER

Figure 1. Surface platform design concept,
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5 3 Figure 2. Acrlal view of the surfuce support platformn.,

: | THE BARGE

3 For the surfuce platform, the YC-1087 barge was used. The principal dimensions of
. S the YC-1087 ure:
B ' Length of 33.5 metres,

Width of 10.4 metres,
Light draft (170 tons) of 0.56 metre,

TE L

P Full draft (670 tons) of 2.44 metres,

g L The YC-1087 hus 1 3.6-motre (from keel to deck height) molded deck and was built by the

|- Soule Steel Compuny, Sun Francisco, in 1945, The deck is guarded by steel bulkheads 1,07

‘;‘." metres high with two 2.44-metre openings wlong both sides und a 3.36-metre opening at cach

- ! end for deck-edge aceess, The deck area inside the bulkheads is 8.2 by 26.8 metres, The

Y. Co maximum displacement for open-ocean tow of the burge Is 570 tons,

g The interlor (below decks) of the burge consists of 6 void spuces separated by

S athwartships bulkheads, Access to the voids is provided by hatches ulong both sides of the

S l _ barge. In order to improve the stubllity of the burge during the tests, the 2 center voids were

b ) fitted with vents and were filled with fresh water, The resulting 2-metre dratt also provided

; I ‘ casy necess to the water surface from the deck edge. The remalning 4 volds were fitted with

o Lo external flooding alurms and were inspeeted at 4-hour intervals,

l b Three davits (3 metres high with 2-metre projections) were fubricated of 0.127-

k: b metre (4-inch) schcc‘} ule-80 pipe and were fitted into bearing sleeves at port and starbourd ‘

S [ i ) openings (fig 1. THe davits were swung in and out by hand using a removable steel arm, .

, , v The davits were fittdd with sheaves and were used to lower the water-monitoring instruments

i over the side and cldar of the platform., A
f | |
¢ | 3
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The port after corner of the barge was fitted with a 6-metre A-frame guide which was
fitted to pads welded to the deck. The A-frame was also fabricuted of 0,122-metre schedule-
80 pipe with steeve bearings at the feet. Ladder rungs were welded up one leg of the frame
to permit easy access to the top, The A-frame, designed to support a vertical load of 10 tons
at an angle of 30 degrees from the vertical, was used to support the vertical pipe and test-
instrument platform which represented u muximum load of approximately 3 tons,

Access to the waters edge for boarding small boats was provided by 2 ladders
mounted at the edge of the deck, A 3-metre boom was rigged off the starbourd side for .
stowing the small boat away from the side of the barge. Access to the test-instrument plut- cy
form for instrument adjustments wus provided by a hinged deck (2 metres by 1 metre) which L
could be lowered alongside the platform. The deck wus titted with hund rails and open deck
grating for personnel safoty, .

Mooring for the barge wus provided by 3 light-weight anchors (680 kilograms each) it
each equipped with one-half shot of 3.81-cm (1.5 in) chain to prevent bottom chatfing and
610 metres of 10.16-¢m (4 In) bralded nylon line. Excess line was stowed in cubical boxes
1.24 cubic metres in size. Each anchor was equipped with a nilspin retrieving wire and a S
marker buoy, The nilspin retrieving wire had u diameter of 1.6 centimeters,

The burge was towed to the test site ut Sunta Catalina Island und placed in a 3-point )
moor in 60 metres of water by the USS HITCHITI (ATF-103). Apptroximately 350 metres :
of line were used on each leg of the moor, The moor was set to point the after corner of the
barge (the A-frame) due South, This wus done so that the underwater recelver would have ¢ L
maximum unobstructed view of the sun, After mooring, the position of the barge wus '
choecked perlodically using relative boearings of lundmarks tuken with 4 mountain transit,
Tho batge was subjected to muximum winds ot 35 knots (broadside) and estimated maximum o
tidul currents of' 5 knots, l

Burge ttim was recorded during the tests as 0,15 metre or u tilt of approximately
S miltivadians fore and aft, The position of the burge remuined relatively stable during the
tusts, For this reason, positioning of insttuments by sighting distant fandmarks was expected
to be uccurate to £50 millirad fans, This was true, for ¢xample, of the orientation of the
camerd axes or the aiming of the laser beam toward the uiteraft,

Each side of the barge was fitted with o large wooden bumper (0.2 by 1 metre cross
section) extending the full length of the burge. The barge dreaft was such that the bottom
cdge of the bumper was in contact with the surfuce of the water. An H-beam (0,15 metre),

18 metres long, was suspended 0.1 metre uway from, und 0.1 metre up from the bottom of

the beum using L-brackots und angle ron (fig 3). The supports were attached to the top tlange
of the H-beam leaving the bottoun flange to support and guide 4 subsurface instrument- .
positioning carriage, The one-piece beum was Instulled in port und only minor adjustments to !
its configuration were made at the test site, o

The positioning carringe (fig 4 and §) consisted of ¢ 1 by 0.7 metre section of chunnel
{ron fitted with nylon top runners to fit inside the flanges of the H-beam and a spring-londed 1 i

i
roller which pressed up against the bottom of the beum, A yoke assembly was fitted around ol

the underwater Instrument housing und was attached to bearings on cach side of the positioning
curringe. The outboard side of the yoke (Fig 5) extended up to provide o control arm for ”
pointing the instrument. A protractor was ulso titted to the outhourd side of the positioning

carrluge, Drilled holes in the protructor aligned with u pin in the control arm and allowed
adjustments of the instrument pointing ungle ot £80 degrees In S<degree increments, T-
handled brakes were threaded Into the outboard side of the positioning curriage to lock the
unlt in position and to minimize wave-induced sway in the suspended instrument, Ali ussem-
blies wore coated with anti-corrosion and anti-foul paint.
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Figure 3. Side view of surface support platform showing the horizontal guide track,
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Fiyure 4. Poritloning carringe subassembly (end view),
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In operation, an instrument is walked to the desired beam location, the operator locks
the positioning carriage in place, and tilts and pins the instrument at the desired angle., During
the tests, angular positioning of the instrument was considered to be accurate to £50 milli-
radians and positioning along the beam, £0.15 metre.

VERTICAL GUIDE AND INSTRUMENT PLATFORM

The vertical guide for supporting the instrument platform at various depths consisted
of a suspended, schedule-40, steel pipe, 56 metres long, und 0.2 metre in diameter, fitted with
a guide rail down one side. The pipe was fabricated in one piece at San Diego and was later
towed to the Santa Catalina test site, Lengths of pipe (nominally 7 metres) were welded
together over l«metre inserts (fubricated by turning down 0.2-metre (diameter) schedule<120
pipe sections) to munufucture the ussembly. A tall assembly, fitted with a shackle mount
and a 0.05-metre dinmeter flood and blow port, was welded to one end of the pipe, und a
head or top assembly wus fitted with a slotted flange, pin, and u D-ring for suspension suppott.
A 0.15-motre fitting for n blow und vent port was welded to the top end of the pipe. The full
length along one side of the pipe was drilled, tupped, and fitted with 2 0,025 by 0,020 metre
guide rail. The guide rall was segmented into sections, approximately 3 metres in longth, to
provent fracture during normul pipe-bending modes, The threads of the bolts used to hold
the guide rail In place were coated with elastic stop-teuk muterial to prevent water loukuge
into tho pipe during flotation poriods, A tail stop was clamped to the pipe to prevent over-
travel of the instrument platform when the assembly was pluced n service,

To prepure the pipo tor tow, both the vent und flood ports were sealed, Elghteen pairs
of pontoons, cach 2.9 metres long and constructed of capped segments of 0.1-metro diameter
schodule~-40 PVC pipe, were fitted, Euch puir of pontoons was positioned and rigged to the
pipe (tlg 6) with 0.01-metre divmeter braided nylon line, The rigging of the pontoon puirs
provided 3 under-riding lines for cuch pair to support the pipe, und 3 over-tiding lines to hold
the pontoons next to the pipe. The front over-rider for cach pair of pontoons was passed
through a hole drilled in the guide rall und served to keep the pontoons from slipping back
along the pipe while under tow. The rigging lines were adjusted so that the top vdges of the
pontoon palrs were In line with the top edge of the pipe, This was done to ensure that the
pipe, when floated, could not roll over. The entire ussembly, pipe and pontoons, was lifted
by cranes und lowered Into the water, In order not to bend the pipe, the lifting was accoms-
plished using 3 cranes simultancously. each lifting at two positions ulong the length of the pipe.

The design of the pontoon system was Intended to provide continuous support wlong
the length of the pipe und to provide u slightly positive buoyuncy (approximately 3 pounds
per metre of pipe length), Calculutions hud shown carlier that only about 7 metres of the
pipe could be suspended safely without any support other than that provided by the pipe it-
sell, In addition, it was determined that end-toend flexing of approximately 3 metres, il
encountered, would result in permunent deformation of the pipe. Since nominal sen condi-
tions vver the towing path from San Diego to Suntu Catuling Island include swells in excess
of 2 metres. it was apparent that destruction of the pipe would tuke place if the pipe were
permitted to ride fully on the surfuce,

The dry weight of the pipe was approximately 4700 pounds. The pontoons were
designed to provide approximately 1400 pounds of buoyuncy. During the S-knot tow
(fig 7), the tail was seen to flex approximately 1 metre, side to side, as the pipe cleared cach
swell, (Note that u shark buoy was sttached to a lne at the tail of the pipe to warn small
boaters, The lift of the shark buoy added significantly to the {ift of the pontoons causing
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the il to lift up in a swell.) The design, however, proved sufficient to ullow the principul
portion of each swell to pass over the pipe. No damage to the pipe resulted during the 130-
km trip,

Once in position alongside the barge, the tow line was removed from the pipe and a
winch line was attuched to the D-ring at the top. The winch line was pass2d through o sheave
ut the top of the A-frame und slack wus taken out of the line, A tail lne was attuched to the
pipe and securud to the barge, Next, the over-rider lines on the pontoons were cut leaving
the pipe suspended in the cradle formed by the under-rider lines. The flood plug wus removed
from the tail of the pipe and the tall line was payed out simultaneously. As the pipe begun
to flood, it slowly lowered to the vertical position suspended by the winch line and the A-
frame, Allowing the pipe to flood slowly und to swing down against the force of the pontoons
was intended to help prevent bending of the pipe. Once the pipe wusin the vertical position,
the pontoons flonted free,

The pipe wis holsted up on the A-frame until its top was approximately 0.5 metre
above the barge deck, The pipe support wus then transterred to a swivel and a 0,025-netre
wire hung from the A-frume. A steel bar, 2 metres long, was inserted between the top
flanges and rigged to provent tie pipe from rotating, (Lator, the steel bar wus used s u lever
to rotute and point the pipe and instrument platform during the various phuses of data sequisl-
tion,) The guy wires on the A-frame were adjusted to position the pipe n line with the hori-
rontal guide rail. Finally, the vent line was opened and the pipe was allowed to fill with ses
water to reduce its buoyancy. Recovery of the pipe wus nccomplished by performing the
steps in reverse order, blowing the pipe dry and lifting with the tail lne {o the point where
the pontoons could be rofitted,

The instrument platforns (fig 8) consisted of a 1.5-metre long tubular gulde to which
was welded u horizontu table or platform. The guide section wus manutuctured of 0.3-
mutre diameter, schedale-40 steel pipe and was fitted on its inside surface wilh a set of runners
of u UHFM polymer designed to glide along the pipe and guide rall, The two sides of the hori-
zontal plutform table were arranged to aceept both the luser und the radisheesscanier camera,
The top of the platform was drilled to permit a rotationul selection (utervals of 60 degrees)
for orienting the instrument mounts, The plutform wus manutactured in one picee und then
sphit In half for Installation at the wst site, Bolting brackets und gulde keys were installed
before splitting to ensure the alignment of the final assembly. Onee relnstalled on the pipe
at the test site, the hulf>ton assembly was fitted with wire straps leuding to o wineh hook con-

tigured to slide down the side of the pipe opposite the guide rall. The hook was wrapped
with split fire-hose muterial to protect the pipe coutings, The plutform assembly wus raised
and lowered through its S5-metre operating runge by an automatic wingh,

The laser mount (g 8) was constructed so us to hold the luser seeurely in place and
to perntit it to be tilted in T0-degree intervals from zero to §0 degrees. The mount consists
ot u rubber-lined clump which fits around the laser housing cylinder and to which o pair of
pivot bearings are attuched. One side of the pivot nssembly is titted with a tilt-control arm
which can be pinned to a guide protractor deilled at 10<legree intervals, The camera mount
is a rubber-lned assemnbly conflgured to hold the camera in an upright position at all times,

The plutform was also fitted with o 2-pxis tilt sensor to measure deviations in the
plutform position caused by pipe sway. During the conduct of the tests, no significant
changes in the plutform position were observed,

All metul components fubricuted for the test were coated with anli-corrosion and
unti-foul puints, The rubber Hners were used to electrically isolate the Instruments from
the pipe and plutform ussemblies. A negligible amount of pitting of the platform in the area
of the luser mount was noted alter approximately 30 days of operation,
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Figure 8, The vertical instrument platform is shown raised to
a working access position, The laser mount (right) and the
camera mount (left) are shown in the figure. The steel bar
passing through the top tlange of the pipe is used to ix the
rotational orlentailon of the pipe and platform assembly.

Umbilical power and data cables leading to the laser, the camera, and the tilt sensor,
wete lashed together and to the plattorm (o proteet the conaectors from parting torees, \
! The umbilicat cables were hand fed and retrieved from the deck of the barge us the platform i
: was raised and lowered, i
' Platform depth was monitored by coding the wineh cable with colored stripes at 1.5 I
! metre intervals (approxinately § feet). This technigque was adeguate to provide 0.3-metre I
{ aceuriey at the maximum depth (82.8 metres), A mechanical level was used to check the ]

coentation of the camera and the Laser on the platform before lowering, The laser was Tound

to be offset by +2.5 degrees, Henee, the laser position was recorded to be 2.5 to 82.5

degrees in inerentents of 10 degrees, Duae to only slight variations in the platform orientation
] I recorded an the tilt sensor, instrumoent vertical axes were assumed to be known to within
3 E3 degrees,
’ [t is important to observe, in support of the unusual techniques used to deploy the
equipnient, that the entire systens was placed inta full operation within 1 week of which 3
days were required for towing the pipe and barge into position. Purticularly noteworthy is
the fact that no divers were used to perform any part of the deployment operations, a fact S
which resulted in considerable sevings in dollars and manhours,
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BARGE EQUIPMENT

In addition to the many fabricated elements deployed with the barge, u large number
of accessories were also installed. For example (fig 2), the most eye-catching picce of equip-
ment is the crane, This unit had a rated lifting capacity of 8 tons and wus selected because it
provided a 14-metre hydraulic boom which, from its tied-down position, could service most
of the lifting requirements on the barge, The crane was used as a utility machine for lifting
heavy equipment, loading and off-loading stores and fuel supplies, lifting and positioning the
vertical platform for installation on the pipe, and lifting the small boat and motor aboard
for cleaning and maintenance,

The small boat had a 4.7-metre Fiberglas hull and was equipped with 4 S5-horsepower
outborad engine. The boat was equipped with steering, shift, and speed controls and was
fitted with a compass and night lights for night transits to the barge.

The quarters and maintenance housing unit was a 3 by 10 metre house trailer with the
wheel and towing assemblivs removed. The trailer had been remodeled previously as a tem-
porary housing unit and was divided into two stuterooms. For use in the tests, the forward
stateroom was converted into a storage and maintenance facility and the after stateroom wus
titted with bunks and emergency radio equipment for onbourd watchstanding personnel.

The fresh-water storuge tunk contained 893 letros (500 gallons) of nonpotable fresh
water and was used only for washing down instruments, cleaning the barge, and mixing
chemicals for the chemical heads, Drinking water was provided from rented bottled-water
supplies,

Two electronic hute were used to house recording und control equipment and the
power-distribution system, Each meuasured upproximately 3 by 4 metres i) weighed
approximately 2 tons, Both huts with their installed instruments were tested at the Laboratory
before they were transported to thie barge,

The Scripps winch was used to raise and lower the monitoring instruments for optical
propertics. The wineh operated from 400-volt, 3-phuse, 60-hertz power und was equipped
with a friction clutch to control the rate of change of depth, A smaller winch (gusoline
poweted) was also provided for use by Scripps personnel in raising and lowering their smaller
instruments,

The platform winch was o fully enclosed cable winch equipped with 63 metres of
stainless-steel wire and powered by 28 volts (d¢). The winch had u lift ruting ol 10 tons and
operated at 2 speeds (5 und 10 feet per minute), Control of the wineh was through u remote-
control box which allowed the operutor to be as much as 15 metres away from the unit if
require o for satety reusons, This winch was used to raise the pipe into position during its
nitial installation and luter to control raising and lowering of the vertical instrument platform,

Miscellunceous equipment included an are welder, a 0.06 n13/m (2-cf'm), 7182-puscal
(150-psi) alr compressor, o huiling and fog-horn systent, u 94o-litres-per-minute (250-gpm)
gasoline-powered pump for tlood and fire control, 7 carbon<dioxide and 6 PKP fire extin-
guishers, mast-head lights, running lights, a black dismond and a black ball for towing und
mooring requirements, flood lights for wight lighting, and u refrigerator,

Prime power was provided by u 450-volt, 3-phuse, 60-hertz, 50-kilowatt dicsel generu-
tor. Trunstformers were used to step down to the necessary 200- and 110-volt supplics. A
400-hertz motor-generator set was installed to provide power for the laser, Direct-current
power for the platform winch was obtained by passing 1 220-volt supply through a rectificr.
A second generator, a gasoline-powered 215/110-volt, single phuse, 60-hertz, 2-kilwatt unit
was used as an emergency supply and to conserve fuel during periods when full system opera-
tions were secured,
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Gasoline and diesel fuel were stored on the barge. Gasoline was stored in 208-litre
(55-gallon) drums stowed outboard of the large bu'kheads for safety, Refueling of the gaso-

~ line supplies was accomplished by transporting the drums to shore facilitics. Diesel fuel was
f;i'; stored in a 1500-litre (400-gallon) fuel buffialo, Refueling of the barge with diesel fuel
“f- (required only once during the experiment) wus accomplished by transporting a second

: buffulo to the barge, hoisting it above the onboard buftulo (fig 9) and allowing the latter to
;'i fill by gravity.
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Figure 9. Replenishing the barge diesel oil supplies,
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SECTION 7
ATMOSPHERICAL AND OPTICAL BACKGROUND
MONITORING SYSTEM

BACKGROUND

The solar radiance distribution in the sea depends on several uncontrolled variables
occurring on or above the surface. The most important in terms of magnitude of effect are:

(1) Temporal and spatial fluctuations in sea surface irradiance.
(2) The fraction of the total surface irradiance contributed by the sky.
(3) Wind speed and direction.

Since these variables are uncontrolled they must be monitored, preferably in real time.
Their effects on the underwater light field may then be corrected for in the radiance data.
The recognition of this requirement led to the development of the Atmospherical and Optical
Background Monitoring System (AOBMS),

SYSTEM DESCRIPTION

The AOBMS is composed of three functional units as shown in figure 1. They are the:

(1) Sensors
(2) Signal conditioners
(3) Processor

Direct monitoring of the sun is accomplished by the solar monitor, whi., the deck cell
covers the upper hemisphere; i.e., sun plus sky. The pyrheliometer covers the same field as
the deck cell and functions as check on and backup for the deck cell. Wind speed and direction
are determined by an anemometer und a vaned wind direction indicator.

The sensors output a varlety of analog sighals that are routed to the Interface Panel
located in the instrument hut housing the Nova computer. The single exception is the
pyrheliometer which comes with its own strip chart recorder.

The first stages of signal conditloning occur at the Interfuce Panel. This unit takes the
sensor outputs und transforms them into DC voltages in the range 0 to 10 volts thereby making
them compatible with the input format of the Analog to Digitul converter (A-D).

In the A-D the final stages of signal conditioning tuke place. The DC output of the
Interface Panel Is digitized for entry irto the Nova 800. Twelve bits (212) of resolution are
avallable so that 4 full scale reading from one of the sensors is equivalent to 2048 digital units.

The digitized background data is now available for entry into the Nova, Ent:, ccurs
during radiance scanner operation by command from the Nova unless directly accessed by the
operator. Updated background data is interrogated each time a data set is taken by the
radiance scanner. Both are then stored on magnetic tape and accessed via teletype. A sample
printout is shown in figure 2.
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Figure 1. Atmogspherical and optical background monitoring system,
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EQUIPMENT DESCRIPTION

The sensors used in the Atmospherical and Optical Background Monitoring systems
are as follows:

% . (1) Solar Monitor: This instrument consists of a silicon photodiode (EG&G 444-4)
- e behind a 100 A interference filter centered at 5200 A (Pomfret $200-100) which
. is identical to the filter in the radiance scanner. The spectral response is shown

‘ in figure 3. The narrow field (7 deg.) is provided by a Gershun tube within which
the detector and filter are located. A panel meter is provided for maximizing
H ; detector input to insure that the instrument is pointed at the sun, Construction
] is of aluminim and was accomplished in-house. Unit is shown in figure 4.

i (2) Deck Cell; This device, shown in figure 5, is 4 commercial unit (Bendix, Model C1)
: consisting of a selenium photovoltaic detector, a4 Wratten 57A absorption filter

and 4 diffuser. The fleld of view Is approximately 180 degrees with a cosine

response from the diffuser. The spectrul response shown in figure 6 is peaked at

5220 A with un 820 A bandwidth.,

(3) Pyrheliometer: This instrument consists of a fifty-junction thermopile hermeti-
cally seuled In o spherical glass bulb manufuctured by Eppley Luboratories, and a
. Minneapolis Honeywell chart recorder. The detector responds equaily across the
visible spectrum und has a cosine response over its field of {80 degrees, The com-
plete unit is shown in figure 7.

(4) Wind Speed Indicator: A Climet Instruments Model 011-4 (figure 8) was used to ‘
measure wind speed. The instrument uses three plastic cups to rotate a drive shaft )
at a rate proportional to wind speed, To the end of the drive shaft is attached a ;o
chopper disc. A small lamp is mounted directly above the chopper disc and the v
light directed through the disc to a photodiode mounted directiy beneath the disc. A
Rotation of the disc alternately masks and exposes the photodiode to the lamp .
producing pulses of a frequency proportional to the rotation rate of the cups, The "

‘{‘ -1 unit hus a range of 0 to 90 miles per hour.

","', 1 (5) Wind Direction Indicator: A rotating vane linked to 4 10K potentiometer muke up ‘

‘- the wind direction indicator (figure 8). Full scule output is 10 VDC representing ]

360 degroes,

= The signal conditioning portion of the AOBMS is comprised of two units, the Interface l*
b Pane!l and the Analog to Digital Converter (A-D). o

D vt g

R R

'
i

oetloe

(1) Interface Panel

(a) The interface panel is essentially a panel mounted card cage located in one of
) the instrument hut racks. Also included in the puanel are reference power

supplies for the deck cell and the wind ditection pats, front panel analog out- :

puts for operator monitoring of the varlous sensors, und the adjustments [
(gain, zero, ¢te.) necessury for set up. The unit was designed and built in- i
house, Function and signal flow is shown in the block diagram in figure 9. i I
Referring to the block diagrum, we first consider the solar monitor interface. i
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The output of the solar monitor is fed to a circuit consisting of a high input
impedance (100K) voltage follower and an output level amplifier. The
output amplifier has gain adjustable from 1/2 to 2.

(b) The deck cell and wind direction indicator have identical interface circuits,
A 10.9 VDC power supply, consisting ot two Zener diodes and a voltage
follower, supplies the reference voltage for the sensor's pots. A value greater
than 10 volts was chosen to allow for some lossess, The returned signal from
the sensor is filtered and attenuated to yleld a full scale value of 10.0 volts,
With the level properly set via the Cal adjustment, the signal is fed to a
voltage follower for isolation and impedance matching.

(¢) The wind speed interface converts an input square wave to an analog voltage
proportional to the input frequency. The input square wave drives a buffer
trunsistor which fires 1« monostable multivibrator. The outputs of the mono-
stuble are fixed pulse width, fixed amplitude pulses with frequency propor-
tlonal to the wind speed. These pulses are fed to a lossy integrator which
takes 4 running average of the monostable pulses. A capacitor across un op
amp stores voltage proportional to tho number of pulses per unit time. The
smoothed output of the integrator Is then presentod to the A-D. Provision is
made to adjust the monostable pulse width and pulse amplitude us well as zoro
the integrator,

(d) All analog outputs of the interfuce circuits are made available through u selec-
tor switch for direct monitoring on the front punel,

(2) Digitul to Anulog Converter: The A-D unit is ¢ commercial unit manufactured by
Anglogic Corporation (Model ANS800), Figure 10 is a block diagram of the unit,
Tho Inputs are multiplexed one at 4 time into a high input impeduance buffor
amplifier, then supplied to u sumple and hold amplificr. The buffered unalog sig-
nals are converted to digitul data via u high speed successive-approximation analog
to digital converter. Digital data is then right hand justified and brought out to the
digitul interface connector for submission to the computer.

Processor: The processing of the digital output of the A-D is accomplishicd by the Nova
800 computer. This unit is described elsewhero in this report,

CALIBRATION

With the exception of the solar monitor, the atmospherical und opticul sensors in the
AOBMS aro commarcial units and calibrution wus performed by the manufacturer. Manufac-
turer supplied calibration documentation is included as an Appendix und the results summarized
in table 1.

The solar monitor was calibrated in-house. The calibration was accomplished by
simultancous sumpling of the solur irradiance with the solar monitor and & commerciul irradi-
ance metor (UDT--21A), The messurement was repeated six times with no dotectable
vurlation,

Both the solar monitor and the UDT-21A were fitted with identical interference filtors
to insure matching spectral response, A Gershen tube was affixed to the UDT to restrict the
field of view to solar, not sky, radiation,
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Equipment

TABLE |

Calibration Constant

Accuracy/Linearity

Climet Model 014-5
shemometer

Eppley Model 50 junction
pyrheliometer

Bendix Model S-1 irradiance
meter readout

Climet wind direction
indicator

Narrow angle/bandwidth
solor moritor

S=F/.3187 + .52 where
8 = gpeed (mph) and
F = frequency (rps)

8.85 niillivolts cal. cm™=2
min=-1

9.8 X 10~7 watts cm=2
per digit

None

3.81 X 10~3 watts cm=2
per division

1% of true windspeed or
£0,15 mph, whichever is
greater for 0-90 mph

+1% over intensity range
0.1 to 1.5 cal. cm—2
min=1

Accuracy: standard devi-
ation .06 or 6.1% of
mean.

Linearity: $3% full scale.

Linearity: $0.5% full
scale

Linearity: +1% 17 to 50
(full scale).

Accuracy: 5% meter
movement.

The solar monitor’s response linearity shown in figure 11 wus determined by attenua-
tion of the solar irradiance with neutral density filters. Deviation from linearity becomes
more pronounced at lower irtadiances due to a dark current of one to two meter divisions.
This was not considered a problem as the instrument was not used at low irradiunces.

To facilitate data handling, the sensor outputs were recorded on magnetic tape as
integers in the range -2048 to 2047. To reconstruct the original values from the stored
integer values, a number of multipliers, shown in table 2, were determined.

TABLE 2
Equipment Multiply Mag Tape Output By:
v _1 ilag
Anemometer 20.47 miles/hour
Deck cell 4.79 x 1077 watts through o Wratten S7A filter

Wind dircction indicator

Solar monitor

Cm2

]
5685 degrees

~1
615 cm?
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